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Abstract 
 
 Bacterial chemotaxis, the directed movement of bacteria in a chemical 
environment, represents one of the best biochemically and structurally characterized 
signal transduction pathways.  The histidine kinase CheA is a central player in this two- 
component regulatory system.  Its active site is spread across two domains:  the histidine 
phosphotransfer domain (P1) and the kinase domain (P4).  Our efforts focus on 
elucidating the mechanistic contribution of P1 residues to the autophosphorylation 
reaction.   
An atomic resolution structure (0.98Å) of the Thermotoga maritima CheA 
histidine phosphotransfer domain was obtained, affording a unique opportunity to view 
the environment surrounding His45, the phosphoaccepting histidine, in detail.  His45, 
participates in a hydrogen bonding network including three other residues: Glu67, Lys48, 
and His64, which are conserved in CheA.  Employing a combination of site-directed 
mutagenesis studies, protein crystallography, and 2-D heteronuclear NMR techniques, we 
explored the functional roles of these residues involved in the largely conserved hydrogen 
bonding network.   
Our experiments revealed that the P1 domain provides the nucleophile for 
phosphate transfer (His45) and the activating glutamate (Glu67) completing a catalytic 
center observed in the GHL family of ATPases.  Glu67 tunes the reactivity of His45 
through a hydrogen bond.  This interaction activates His45 to the normally unfavored 
Nδ1H tautomeric state.  As a result, His45 possesses an altered pKa.  Upon mutation of 
Glu67 to a Gln, the chemical properties of His45 change.  When existing in the 
 xv
predominantly Nε2H tautomeric state, its pKa is similar to that of a solvent exposed 
histidine and its phosphorylation is dramatically reduced in vitro and in vivo. 
Hence, the phosphoaccepting histidine must exist in the normally unfavored Nδ1H 
tautomeric state in order for CheA autophosphorylation to occur.  The other two residues, 
Lys48 and His64, do not affect the reactivity of His45.  Instead they contribute towards 
the structural integrity of the P1 active site.  The results obtained in this thesis provide a 
solid structural and biochemical basis for further understanding the CheA 
phosphotransfer mechanism and may provide critical insight for the development of 
novel antibiotic agents.   
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Chapter 1 
 
Introduction 
 
 
 
 
 
 
 
This chapter was adapted from Bilwes A. M., Park, S. Y., Quezada, C. M., Simon, M. I., 
and Crane, B.R.  “Structure and Function of CheA, the Histidine Kinase Central to 
Bacterial Chemotaxis.”  in Histidine Kinases in Signal Transduction (eds. Inouye, M. & 
Dutta, R.) 47-72 (Academic Press, New York, 2003).
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Bacteria are continuously exposed to environmental changes.  Signal transducing 
circuits, referred to as “two-component” regulatory systems or “His-Asp phosphorelays,” 
process the extracellular information into a usable intracellular response [1-3].  These 
pathways have also been found in lower eukaryotes, like yeast, slime mold, and plants [4-
7] and are utilized to control diverse cell responses such as bacterial chemotaxis, 
sporulation, osmoregulation, pathogenesis, plant response to hormones, cell growth and 
differentiation [1, 8].  These adaptable and sensitive circuits can function over a broad 
time range extending from milliseconds to hours.   
In the simplest case, the mechanism of a two-component regulatory system is 
described by a phosphotransfer event from an autophosphorylating protein histidine 
kinase (PHK) to a response regulator (RR) (Figure 1).  In E. coli, 29 PHK genes and 32 
RR genes have been found and constitute, at the very least, 29 independent His-Asp 
phosphorelay systems, each responding to a specific subset of stimuli [9].  Current 
estimates of  the number of two-component proteins from other bacterial genomes are 70 
for B. subtilis [10]; 9 for Haemophilus influenzae [11]; 11 for Helicobacter pylori [11]; 
and 19 for Thermotoga maritima [12]. 
Protein histidine kinases, which act as sensors for individual external signals, 
catalyze the transfer of the ATP γ-phosphoryl group to one of its histidine residues.  
Upon autophosphorylation, the dimeric PHK then transfers the reactive phosphoryl group 
from its histidine to a conserved aspartate residue of another component in the response 
regulator (RR).  The phosphorylated RR modifies an effector which leads to the 
appropriate change in cellular behavior. 
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Five conserved regions of sequence are used to identify histidine kinases [2, 13, 
14].  These consist of the H box, which contains the phospho-accepting histidine, and the 
N, G1, F, and G2 boxes, which delineate the ATP binding domain.  PHKs can be further 
classified by the relative position of the H box to the ATP binding domain (Figure 2).  In 
Class I PHKs, the H box is located in the dimerization domain which is located directly 
adjacent to the ATP binding region.  Alternatively, in Class II PHKs, the H-box lies in an 
N-terminal monomeric domain distal to the ATP binding region and the dimerization 
domain does not contain a histidine residue.  A further difference between these two 
classes is that Class I members are typically membrane bound, possessing a periplasmic 
sensor domain.  Conversely, the Class II histidine kinase CheA is regulated by interaction 
with an independent receptor.   
The second player in two-component regulatory systems is the response regulator 
and it is typically the terminal component of the signaling pathway.  It consists of two 
domains: a regulatory domain and an effector domain (Figure 3).  In some cases, as 
observed with the response regulator CheY, the effector domain is missing altogether 
[15-18].  Aspartyl phosphorylation of the conserved regulatory domain by a protein 
histidine kinase or small molecule phosphodonors activates the effector domains to elicit 
specific cellular responses such as transcription regulation or enzymatic catalysis [19].      
The core structures of two-component systems, their activities, and phosphorelay 
sequences are maintained across the prokaryotic, archaeal, and eukaryotic kingdoms.  
However, much diversity is observed in the organization of elements in a particular 
pathway.  The EnvZ/OmpR  osmoregulatory system exemplifies a simple two-component 
regulatory pathway in E. coli (Figure 4a).  The orthodox PHK EnvZ transfers its 
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phosphoryl group to an aspartyl residue of the RR OmpR.  Although the signal 
transducing circuit of bacterial chemotaxis also uses a single phosphoryl transfer event, 
the unorthodox PHK CheA exhibits an alternative arrangement of domains (Figure 4b).  
 Some “His-Asp phosphorelay” systems are even more complex, displaying 
variations in the number and modular organization of PHK and RR components.  These 
hybrid histidine kinases possess other functional domains that are directly linked to one 
another.  For example, the anaerobic hybrid sensor ArcB has a RR domain and a histidine 
phosphotransfer (HPt) domain that are connected to the C- terminus of its ATP binding 
domain.  The terminal RR ArcA can receive a phosphoryl group directly from the 
catalytic core of the PHK or from the HPt domain [20] (Figure 4c).  The yeast 
osmoregulatory control system presents another variation on multi-step phosphorelays [5, 
21].  It is similar to that of ArcB, except for its HPt domain is an independent protein 
(Figure 4d).  Another four step His-Asp-His-Asp phosphorelay system is the B. subtilis 
sporulation control system.  Its signaling domains consist entirely of independent proteins 
(Figure 4e).  
Significant progress has been made in understanding the biology and chemistry of 
these ubiquitous two-component signaling pathways.  They are prevalent in prokaryotes, 
but seldom found in eukaryotes, making proteins involved in these His-Asp 
phosphotransfer systems attractive targets for antibiotics, herbicides, and fungicides.  
Given that histidine kinases initiate most bacterial signaling pathways, it is of great 
interest to obtain a detailed understanding of their chemical and biological nature.  We 
have begun a detailed study of one of the best characterized histidine kinases, CheA, 
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involved in one of the most extensively studied two-component signaling pathways, 
bacterial chemotaxis. 
 
Bacterial Chemotaxis:  A Paradigm for the Study of Two-Component Signal 
Transduction 
Bacterial chemotaxis describes the directed movement of bacteria in a chemical 
gradient [22].  A direct correlation between flagellar rotation and bacterial movement 
exists [23].  When flagella turn counterclockwise, a coherent bundle is formed and 
bacteria swim “smoothly” in a straight line.  In contrast, clockwise rotation results in 
dispersion of the flagellar bundle, causing an abrupt change in the swimming course and 
is termed “tumbling.” (Figure 5)   
A combination of smooth swimming, interrupted by brief tumbling episodes that 
reorient the cell, is normally observed when a bacterium swims in a homogeneous 
environment [24].  Alternatively, in a spatial chemical gradient, a bacterium measures 
changes in chemical concentration over time, adapting its swimming behavior to the local 
environment [25].  Smooth swimming is observed for lengthier periods of time when a 
bacterium is moving towards a chemoattractant or away from a chemorepellent.  
Conversely, the tumbling frequency is augmented if a bacterium encounters sharply 
increasing repellent or decreasing attractant concentrations.  This behavior enhances the 
chance of a bacterium to translocate to more favorable surroundings [24-26].  Therefore 
bacterial chemotaxis is said to be achieved by a “biased random walk.” 
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The signaling components involved in bacterial chemotaxis 
Bacterial chemotaxis has been described at the molecular level (Figure 6).  Its 
excitation pathway, which occurs within milliseconds, involves an intricate 
phosphorylation cascade.  A repellent bound receptor triggers the autophosphorylation of 
the PHK CheA [27].  The rate of autophosphorylation is enhanced by the binding of the 
adaptor protein CheW to CheA and receptor [28].  CheA autophosphorylation initiates a 
phosphorylation cascade transferring its histidine bound phosphoryl group to the 
aspartate residue of the response regulator CheY [29, 30].  Phosphorylated CheY then 
interacts with the flagellar motor component FLiM.  The bacterium then tumbles and can 
swim in another direction [31]. 
As the fast excitation response proceeds, a slower adaptation response, which 
occurs within minutes, is concurrently set in motion.  CheA activity is regulated by 
receptor methylation [27, 32].  These methyl groups are added by CheR.  Low levels of 
receptor methylation are associated with low CheA kinase activity and high levels of 
receptor methylation are associated with higher CheA kinase activity.  In addition to 
CheY, CheA can also phosphorylate a methyl esterase CheB [33].  In its activated form, 
CheB removes methyl groups from glutamate residues found on the C terminal tail of the 
receptor thereby inhibiting CheA activity and eventually reducing the occurrence of 
tumbling.  These competing pathways provide bacteria with an elegant way to reset its 
memory, allowing for the sensitive continuous detection and response to changes in the 
environment continuously.  
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The modular structure of CheA 
Our understanding of the bacterial chemotaxis process has been further enhanced 
by the structural elucidation of all the proteins known to be involved in the pathway.  For 
the remainder of this chapter, we focus on the protein histidine kinase CheA.  The 
modular character of CheA was inferred from functional assays [34-36] with isolated 
fragments and later demonstrated by protein crystallography and NMR.  CheA is a 
homodimer that is composed of five domains in T. maritima (Figure 7).     
 The P1, or histidine phosphotransfer (HPt) domain, consists of a four-helix 
bundle that possesses a solvent accessible histidine which becomes phosphorylated [37, 
38].  A fifth helix connects P1 to the P2 domain, which binds the response regulators 
CheY and CheB.  This domain facilitates the transfer of the P1 phosphoryl group to a 
response regulator.  P2 is formed by a small alpha/beta sandwich fold [39-42].  The 
structures of the last three domains of T. maritima, termed CheA ∆289, were solved as an 
entity [43].  P3 is the dimerization domain.  It consists of two antiparallel helices that 
pack against the analogous two helices of the second subunit to form the central four 
helix bundle that modulates CheA transphosphorylation.  The kinase domain, P4, 
contains the ATP binding pocket and is formed by a two layered α-β sandwich composed 
of five β- strands and seven α- helices [44]. The regulatory domain, P5, consists of two 
intertwined five stranded beta barrels.  It regulates kinase activity by binding to the 
adaptor protein CheW, coupling it to the receptor [34, 45, 46].  
Each CheA domain has a distinct and critical function that optimizes bacterial 
response to the extracellular environment.  Although P1 and P4 must interact with one 
another within a dimeric CheA for physiological activity, some ATP-dependent histidine 
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phosphorylation can be achieved in vitro by the two separated domains [44].  Hence, all 
the elements necessary for the chemistry of histidine phosphorylation are contained in the 
domains P1 and P4.  The features of the kinase domain, P4, are first examined, followed 
by those of the histidine phosphotransfer domain, P1. 
 
The P4 histidine kinase domain belongs to a superfamily of ATPases 
The CheA histidine kinase domain (P4) is structurally similar to the ATP-binding 
domain of a class of ATPases named the GHL family [47] after the three structurally 
defined members: the type II DNA topoisomerase GyraseB [48], the chaperone Hsp90 
[49] and the DNA-repair enzyme MutL [50]. These functionally divergent ATPases are 
multi-domain proteins whose other domains are unrelated to histidine kinases.  The core 
structural elements in common between CheA, GyrB, Hsp90, and MutL consist primarily 
of the 4 β-strands and 3 α-helices that form a deep cavity for binding ATP (Figure 8a-b).  
Histidine kinases are therefore unrelated to mammalian Ser/Thr or Tyr kinases and 
instead probably derive from an ancestor common to GyrB, Hsp90 and MutL. 
  
Nucleotide binding by CheA P4 and the GHL ATPases 
The ATP-binding sites of PHKs and GHL ATPases are highly conserved.  ATP 
analogs bind CheA in a deep cavity, whose back wall is formed by the P4 β-sheet (Figure 
8).  The cavity edges include four regions of sequence similarity that characterize the 
histidine kinase family. These are (1) the N box (helix α4); (2) the G1 box (the segment 
running in front of the sheet and forming a right angle turn after strand β2); (3) the F box 
(the end of helix α2); and (4) the G2 box (beginning of the helix α3 with the end of the 
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loop preceding it). The residues pointing into the cavity from the β strands form a mainly 
hydrophobic lawn on which the adenine ring hydrogen bonds with the invariant Asp (449 
in T. maritima CheA).  Four buried water molecules that bridge interactions between the 
nucleotide base and the cavity are also found in the nucleotide complexes of Hsp90 [51, 
52] and MutL [47].  A conserved Asn (409 T. maritima CheA) coordinates nucleotide -
bound Mg2+ in CheA [44], MutL [47], GyrB [48] and Hsp90 [52].   
Despite striking similarities in nucleotide binding by PHKs and GHL ATPases, 
there are some compelling differences.  For example, an essential glutamate of the GHL 
ATPases presumed to be the general base involved in water activation for ATP 
hydrolysis[53] (Glu 29 for MutL) is replaced by His 405 in CheA (Figure 9).  His 405 
stabilizes the G2 box when Mg2+ is bound.  In contrast, the general base for histidine 
activation likely resides on the P1 domain (see below).  
 Moreover, CheA and the GHL ATPases appear to recognize the ATP phosphates 
in different ways.  For example, the functional analog of a CheA residue that hydrogen 
bonds to the ATP β- phosphate (His 413) comes from a different loop in the ATPases. 
Furthermore, interactions between nucleotide phosphates and main-chain nitrogens of the 
P-loop (a glycine-rich segment found in many ATP-binding proteins that coordinates the 
α- and γ- phosphates of bound ATP) are not nearly as extensive in CheA as they are in 
GyrB and MutL.  Perhaps P1 binding drives a more extensive interaction between 
nucleotide and the CheA P-loop that resembles structures observed for the ATPases.  In 
fact, the G2 box (P-loop) mutation Gly 502 to Lys (E. coli residue 470) does not affect 
nucleotide affinity but is inactive [54].  
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The conformation of P4 is linked to ATP hydrolysis 
PHKs and GHL ATPases contain a region that varies in conformation upon 
nucleotide-binding: the ATP-lid (Figure 9). In CheA, the ATP-lid (composed of the 
flexible loop between α2 and α3) changes conformation significantly among ATP-
analog, ADP, and nucleotide-free structures.  Only in the structure of separately 
expressed P4 with Mg2+-ADPCP is the ATP-lid completely discerned [44]. The high 
mobility of the lid region is indicated by its poor order in all other P4 structures, the 
nucleotide-free structure of CheA ∆289 [43], and the NMR structure of the type I EnvZ 
PHK.  In the P4:ADPCP-Mg2+structure, the ATP-lid forms a helix that borders the 
nucleotide-binding cavity (Figure 9a). The resulting concave groove on the face of P4 
surrounds the exposed γ-phosphate and has dimensions appropriate for binding P1 
(Figure 10).   
The shape of this groove, particularly its width nearest the bound nucleotide, 
depends on the presence of ATP analogs and Mg2+.  In P4 structures where the ATP 
pocket size is contracted due to molecular packing within the crystal lattice, Mg2+ does 
not bind and the γ-phosphate of non-hydrolyzable ATP analogs cannot be resolved due to 
disorder. This contracted conformation is also observed when ADP is bound by P4 
(Figure 9d).  Change in cavity size and loss of Mg2+ on ATP hydrolysis can be linked by 
the movement of His 405, which in the absence of Mg2+, swivels up from the position 
where it coordinates the metal ion and instead hydrogen bonds to the ADP β-phosphate.  
In the ADP complex, the G2 box residues change conformation because His 405 
no longer stabilizes the G2 box; this destabilizes the entire ATP-lid structure (Figure 
10d).  If direct coordination to Mn2+ instead of Mg2+ forces His 405 to swivel, the 
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conformation of the ATP-lid is similarly affected and interactions of the P-loop with the 
γ-phosphate are weakened (Figure 9b). As confirmed by biochemical studies, 
conformational changes in regions that likely compose the P1-binding site on P4 (the 
ATP-lid) are coupled to ATP hydrolysis and Mg2+ release by movement of His 405 [55].   
Biochemical investigations of other mutations at the N, G1, G2, and F boxes were 
made [55].  Results suggested these conserved residues contribute to the CheA kinase 
activity and ATP binding.  Mutations that affect ATP binding were also found to stabilize 
the transition-state complex during CheA autophosphorylation in an unknown fashion.  
Alterations at a glycine residue in the G1 box are not tolerated, consistent with prior 
structural analysis that mutations at this location would disrupt the structure of the ATP 
binding cavity [44].   In correlating biochemical to structural studies, some of the 
functional roles of conserved residues residing in the P4 domain have begun to be 
assigned providing insight into the CheA mechanism. 
 
The site of phosphorylation is located in the P1 domain  
P1 contains the substrate histidine that transfers phosphate from kinase bound 
ATP to the response regulators CheY and CheB [33, 56].  It is composed of a small 310 
helix followed by an antiparallel four-helix bundle  (helices A-D) and  helix  (E) that 
connects to P2 via a 25-35 residue linker [37, 38].  Helix E does not contribute to helix 
cluster stability nor to the phosphorylation reaction[37].   
The P1 helices are amphipathic with most hydrophobic residues buried in the core 
and most polar residues exposed to the surface.   Inter-helix salt bridges and hydrogen 
bonds are found only between helices A and D and helices B and C[38].  The five helices 
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each display very different dynamic features. Residues from helices A, C, and D show 
strong protection from hydrogen exchange, indicative of local stability around the amide 
hydrogen[37]. However, helix B, which contains the phospho-accepting histidine, may be 
more variable in conformation as its amide protons are not strongly protected from 
solvent exchange.  
Sequence similarity among CheA P1 homologs is concentrated in helices B and 
C, where the active site residues are located.  Despite the high sequence similarity 
between E. coli  and T. maritima  CheA P1 in this region[37],  T. maritima CheA ∆289 
cannot phosphorylate an E. coli  P1-P2 fragment (unpublished data).  The interface 
between P1 and the kinase domain is therefore likely to include residues on P1 not 
immediately surrounding His45.  
NMR studies of protein backbone dynamics indicate that E. coli P1 forms a rigid 
and compact helix bundle in both the unphosphorylated and phosphorylated states. Both 
these forms of P1 have very similar backbone conformation[37].  Phosphorylation of P1 
does not deprotonate His48 Nδ1H and results in only small chemical shift changes for 
residues on helices B and C surrounding His48. Alternations in the local electronic 
environment caused by phosphorylation are likely responsible for these changes[57].  No 
interaction between P2 and phosphorylated P1 was detected by NMR[58].   
The reactivity of the phospho-accepting His48, located in the middle of helix B, is 
tuned by its local environment. A hydrogen bond between the His48 Nδ1H and the Glu70 
carboxylate may be responsible for the high pKa (7.8) of the His48 imidazole ring, which 
is the site of phosphorylation.  NMR studies indicate that its Nε2 atom does not hydrogen 
bond with other P1 residues, but that His48 Nδ1H is a hydrogen bond donor that remains 
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protonated at high pHs and after phosphorylation [57]. Three out of the four molecules in 
the crystal structure of Salmonella P1 reveal that His48 Nδ1H hydrogen bonds to Glu70 
on Helix C. Furthermore, Lys51Ala and Glu70Ala mutations in Salmonella reduce the 
ATP phosphotransfer rate[38].  However, these experiments could not distinguish if the 
decreased transfer rate was due to loss of binding between the P1 and the kinases or a 
catalytic defect.  
 
Investigating the mechanism of CheA phosphotransfer 
In contrast to GyrB, MutL, and Hsp90, which hydrolyse ATP, PHKs must transfer 
phosphate to a histidine residue.  Therefore, the nucleophilic mechanism for attack on the 
ATP γ-phosphate must differ between the two enzymes.  In GyrB, mutagenesis studies 
[53] implicate the conserved Glu 42 (Glu 29 in MutL, Glu 47 in human Hsp90) as an 
essential general base for water activation. Despite high conservation of active site 
residues between GyrB and histidine kinases, the latter do not contain a Glu at this 
position (His 405 for CheA proteins, Asn for other histidine kinases) (Figure 11). Thus, 
the CheA P1 domain may provide not only the nucleophile for phosphate transfer (His45) 
but also the activating glutamate (Glu70), thereby completing the catalytic center 
observed in GyrB. 
Despite the fact that CheA is one of the best-characterized histidine kinases, little 
is known about its biochemical mechanism.  The CheA active site is distributed across 
two domains, P1 and P4.  The investigations described in this thesis focus on the least 
studied domain encompassing the CheA active site.  In order to gain insight into the 
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biochemical mechanism of CheA, structure-function studies of the histidine 
phosphotransfer domain are performed.   
The remainder of this thesis focuses on two questions: (1) Do the GHL family of 
ATPases and CheA share a conserved mechanism? and (2) What are the chemical and 
structural determinants for histidine phosphorylation in bacterial chemotaxis?  These 
questions will be addressed in the following chapters.  Chapter 2 describes the atomic 
resolution structure of helices A-D of the CheA HPt domain from T. maritima.  A 
conserved hydrogen bonding network involving residues His45, Lys48, His65, and Glu67 
is identified.  Their contributions to the CheA phosphorylation reaction are further 
explored.  In Chapter 3, the functional role of Glu67 is explored using an interdisciplinary 
approach involving site directed mutagenesis, macromolecular protein crystallography, 
and two dimensional NMR techniques.  The same approach is used in Chapter 4 to assess 
the putative functional roles of Lys48 and His64, the remaining participants in the 
hydrogen bonding network. 
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Figure 1:  Organization of a prototypical two-component regulatory system  
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Figure 2:  Protein histidine kinases can be divided into two classes.  A schematic 
depiction of the classification of PHKs based on the position of the H-box relative to the 
ATP binding domain.   
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Figure 3:  Typical architecture of a response regulator 
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Figure 4:  Diversity of domain organization in His-Asp phosphorelays.  (a)  The 
osmoregulatory system of E. coli employs the PHK EnvZ and the RR OmpR.  (b)  
Bacterial chemotaxis involves the Class II PHK CheA and the RR CheY.  (c)  Anoxic 
redox control in E. coli is regulated by the PHK ArcB and the RR ArcA.  (d)  S. 
cerevisiae  employs the PHK Sln1, the HPt domain Ypd1, and the RR Ssk1 in the 
osmosensing system.  (e)  The B. subtilis sporulation pathway involves a multicomponent 
His-Asp phosphorelay in which all signaling components are individual proteins.
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Figure 5:  Bacterial movement is controlled by flagellar rotation.  Counterclockwise 
rotation of flagella results in “smooth” swimming and clockwise rotation results in 
“tumbling.” 
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Figure 6:  The molecular components involved in the bacterial chemotaxis signal 
transduction pathway 
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Figure 7:  CheA is a homodimer consisting of five domains (P1-P5).  P1 is the 
phosphotransfer domain, P2 is the response regulator binding domain, P3 is the 
dimerization domain, P4 is the kinase domain, and P5 is the regulatory domain.  Dotted 
lines represent missing residues and putative linker regions between domains.  One 
monomer is colored in red, orange and yellow hues, while the other is represented in 
purple and grey tones. 
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 Figure 8:  The CheA kinase domain (a) is topologically similar to the ATP binding 
domain of GyrB (b). 
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Figure 9:  Nucleotide binding alters the conformation of the CheA kinase domain
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Figure 10:  The CheA kinase domain forms a concave groove for binding to P1 
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Figure 11:  Sequence similarity between PHKs and the GHL family of ATPases 
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Chapter 2 
 
 
The crystal structure of the CheA histidine phosphotransfer domain from 
Thermotoga maritima
 44
  CheA plays a central role in the bacterial chemotaxis signal transduction pathway 
that controls bacterial motor behavior in response to environmental stimuli.  The focus of 
these studies is on the CheA histidine phosphotransfer domain, P1.  It mediates the 
transfer of the γ-phosphoryl group from ATP to the response regulators CheY and CheB.  
The global fold of the P1 domain has been determined by NMR [1] and by 
crystallography to a resolution of 2.1Å [2].  It consists of five alpha helices, including an 
antiparallel four helix bundle, flanked by a helix at its C-terminus [1, 2]. 
Crystallographic and NMR studies suggested the P1 phospho-accepting histidine 
forms a hydrogen bond to a neighboring glutamate residue [2, 3].  Furthermore, the 
phospho-accepting histidine, His48 in E. coli, possesses an altered pKa of 7.8 at 30°C; 
approximately one pH unit higher than a normal solvent accessible histidine [3].  
Learning more about the detailed hydrogen bonding interactions with the phospho-
accepting histidine and their effects on histidine reactivity prompted an attempt to 
improve the resolution of the CheA histidine phosphotransfer domain crystal structure. 
The 0.98 Å resolution structure of helices A-D of the CheA histidine 
phosphotransfer domain from T. maritima is reported in this chapter.  Structural issues 
concerning the phosphotransfer mechanism of the histidine kinase CheA, which are better 
assessed due to the improvement in accuracy of the atomic coordinates, are discussed.  
The phospho-accepting histidine, His45, participates in an elaborate hydrogen bond 
network including three other residues.  Insight into the dynamic properties of the CheA 
histidine phosphotransfer domain is also obtained.   
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MATERIALS AND METHODS 
 
Protein Cloning, Expression, and Purification 
T. maritima ∆289 (residues 290-671), domain P1 (residues 4-133), and a fragment 
of domain P1 termed P1short (residues 4-105) were subcloned in the vector pET28(a) 
(Novagen).  The plasmid was transformed into E. coli strain BL21(DE3) (Novagen) and 
protein expressed in 2L TB cultures.  Protein purification was achieved by affinity 
chromatography on Nickel-NTA beads (Qiagen), followed by an overnight digestion of 
the His6 tag at 4°C by thrombin.   The protein was further purified by gel filtration on a 
superdex 75 or 200 column (Pharmacia) using a buffer composed of 50 mM Tris(pH 7.5), 
150 mM NaCl and 2 mM DTT.   Centrifugation with an Amicon centriprep concentrator 
yielded the concentrated protein.   A cysteine mutant, T81C, for derivatization with heavy 
atoms was generated using Quickchange mutagenesis (Stratagene).  The 
selenomethionine protein was expressed using the E. coli methionine auxotroph strain 
B834(DE3) (Novagen).  It was purified in the manner described above. 
 
Crystallization 
The hanging drop method of crystallization produced crystals that grew overnight 
at room temperature.  Crystals were obtained by mixing 2 µL of the reservoir solution 
(28% PEG 8K, 0.1M NaAc pH 4.5, 0.2M AmAc) with 2 µL of 7-15 mg/ml P1short.  
Crystals were briefly soaked in a cryogenic solution (38% PEG 8K, 0.1M NaAc pH 4.5, 
0.2M AmAc) and then flash cooled in liquid nitrogen.  The crystal belongs to the 
orthorhombic space group P2221 and has unit cell dimensions of a=27.38Å, b=37.42Å, 
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and c=87.54Å.  The asymmetric unit contains one molecule.  Orthorhombic crystals of 
the native and mutant protein, T81C, were soaked in saturated EMP (ethylmercuric 
phosphate) for a week and in a 1/100 saturated solution of phenylmercury acetate for two 
days.   
 
Data Collection 
High resolution data to 1.1 Å were initially collected on beamline 9-2 at the 
Stanford Synchrotron Radiation Laboratory (SSRL) using an ADSC Quantum-4 CCD 
detector and a wavelength of 1.0332 Å.  A low resolution dataset of an isomorphous 
crystal was collected at a home x-ray source on an R-AXIS 2 phosphoimaging plate 
detector mounted on a rotating-anode generator with a wavelength of 1.54 Å.  The F1 
beamline at CHESS, possessing a Dual ADSC Quantum-4 CCD and a wavelength of 
0.9Å was used to collect the high resolution dataset described in this paper.  The crystal 
diffracted to 0.98 Å.  Derivative datasets were collected at the home source with the R-
AXIS 4 mounted on a rotating anode x-ray generator using a wavelength of 1.54 Å.  The 
F2 line at CHESS was used to perform a multiwavelength anomalous dispersion 
experiment on a single crystal of the selenomethionine protein using an ADSC Quantum-
210 CCD detector and the following wavelengths 0.9795 (inflection), 0.9791 (peak), and 
0.96112 (high remote).  The A1 line at CHESS was tuned to the Hg inflection point to 
accentuate the anomalous signal from one of the mercury soaked crystals.  Data were 
processed, scaled, and reduced using the DENZO/SCALEPACK suite of programs [4].  
A total of 5% of the total reflections were randomly selected to provide a test set for the 
calculation of Rfree [5]. 
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MIR and MAD Phasing 
The phases for the native P1 crystal were determined by a combination of MIR 
and MAD.  The primary mercury site was at the only cysteine in P1.  This position was 
determined by Patterson map analysis [6].  A second mercury derivative came from a 
site-directed mutant (T81C) designed to place a cysteine on the protein surface.  
Secondary sites were determined from difference Fouriers using phases derived from the 
primary site.  MIR data from two mercury derivatives were calculated with the program 
PHASES[7].    The isomorphous phasing figure of merit was 0.58 to 2.5Å.   
The X-ray flourescence spectrum of the selenomethionine derivative was 
measured directly from the crystal on the F2 beam line at CHESS.  Selection of the 
wavelengths of the peak and the inflection point for the multiple anomalous dispersion 
(MAD) data collection was made on the basis of the f' and f" anomalous scattering 
factors, as determined by the program CHOOCH.  The peak and inflection point were 
determined to be at 0.9791Å and 0.9795Å, respectively.  The high energy remote peak 
was chosen at 0.9611Å.  Datasets at each wavelength were collected to a resolution of at 
least 2.8Å and then reduced with denzo and scaled with scalepack [4].  Selenium sites 
were positioned by difference Fouriers using the mercury MIR phases.  MAD data was 
phased in MADPHSREF [8] and a figure of merit of 0.48 to 2.8Å was obtained.  MIR 
and MAD were combined probabilistically with MADPHSREF to give an overall figure 
of merit of 0.63 to 2.5Å.  Phases were improved by solvent flattening, histogram 
matching, and the application of Sayre’s equation as implemented in DM [9].   
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Structure Determination and Model Refinement 
Once an interpretable electron density map was obtained, the model was built 
manually using XFIT [6].  Methionine positions were identified from Bivjoet difference 
Fourier maps of seleno-methionine modified crystals phased with the isomorphous 
mercury phases.  Initial refinement was performed using the Crystallography and NMR 
System (CNS) [10].  The starting model was first optimized using rigid body refinement 
followed by least squares minimization and unrestrained B-factor refinement.  The 
molecular graphics program Xfit was used to adjust the model during the rebuilding 
cycles using both 2Fo-Fc σa-weighted and Fo-Fc σa-weighted maps [6].  The initial 
solvent water model was built using automated water picking in CNS [10].   
The final CNS model was isotropically refined in SHELX97 employing conjugate 
gradient least-squares minimization [11].  Inspection of omit maps revealed the presence 
of alternate conformations in discrete residues (Thr14, Glu16, Gln19, Leu21, Met51, 
Met55, Ser58, Asp72, Glu78) and in contiguous regions of helices A and D (residues 22-
32 and 82-105).  Individual occupancies were refined for each of the residues located in 
the extended regions of disorder and found to be approximately the same.  These sections 
exhibiting conformational heterogeneity were therefore assigned a common occupancy 
factor.  The refinement of individual anisotropic displacement parameters (ADPs) for all 
atoms resulted in an 8% drop in Rfree.  The final Rwork and Rfree were determined to be 
0.1702% and 0.2049%.  Inclusion of all data yielded an R-factor of 0.1714%.  The final 
SHELXL model is comprised of 105/105 residues and 207 water molecules. 
Although the final model is consistent with the electron density and expected 
stereochemistry, the R factors are higher than expected for a 0.98Å structure.  A possible 
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explanation is that current methods of refinement are not able to accurately model the 
extent of disorder observed in this protein crystal.   The extended region of 
conformational heterogeneity observed in helices A and D is a result of the displacement 
of the entire main chain.  Although techniques such as translation-libration-screw (TLS) 
and multiconformer refinement have previously been used to model ambiguous electron 
disorder, they are not as effective at modeling areas that exhibit spatially well-resolved 
disorder [12].  P1 and its solvent may well be sampling a larger number of 
conformational substates than we have been able to model, thus yielding a higher than 
expected Rwork and Rfree.   
 
Km determination 
Initial velocities of  P1 and P1short phosphorylation by ∆289 (2 µM) were 
measured in 50 mM Tris pH 8.5, 50 mM KCl, and 2 mM DTT at 50°C over a range of 
concentrations.  Reactions were initiated upon addition of [γ-32P] ATP.  At specific time 
intervals, aliquots were quenched with 2X sodium dodecyl sulfate (SDS) electrophoresis 
buffer containing 25 mM ethylenediaminetetra acetic acid (EDTA).  Samples were then 
electrophoresed on 18% Criterion Tris-HCl gels (Biorad) using a Criterion Dodeca cell.  
Gels were dried under vacuum and phosphorylation quantified using a Storm 
phosphoimager (Molecular Dynamics).  The apparent Km value was obtained by plotting 
the inverse of P1 or P1short concentration versus the inverse of the initial velocities. 
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Thermal Denaturation 
CD spectra were recorded with an AVIV (Lakewood, NJ) 62A DS spectrometer 
equipped with a Peltier-type temperature control system and using a 0.1cm quartz cuvette 
(Wilmad).  Protein concentrations were determined by UV spectrophotometry [13].  
Samples were at a concentration of 30 to 40 µM in 20 mM sodium phosphate buffer at 
pH 8.0.  Thermal denaturation was monitored at 222 nm.  Data were collected every 1°C 
with an equilibration time of 6 minutes, an averaging time of 10 s and a bandwidth of 1.5 
nm.  The melting temperature, Tm, was extracted from a Boltzmann fit to the data using 
the program Kaleidagraph (Synergy Software). 
 
RESULTS 
 
X-ray structure of the CheA histidine phosphotransfer domain at 0.98 Å resolution  
We report the crystal structure of the CheA phosphotransfer domain at 0.98Å 
(Figure1a).   The model consists of helices A-D, a four-helix bundle that is characteristic 
of histidine phosphotransfer (HPt) domains [2, 14-16].  Hereafter, this protein fragment 
will be referred to as P1short.  The protein crystallized in the orthorhombic space group 
P2221, with unit-cell parameters a=27.38Å, b=37.42Å, and c=87.54Å.  The structure of 
the native crystal was solved by the MIR method with Hg derivatives and the MAD 
method with a seleno-methionine derivative.  The final model consisted of residues 4-
105, including three N-terminal residues corresponding to the residual histidine tag.  
Crystallographic refinement converged to a final Rwork of 17% and an Rfree of 20%.  
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Details of the structural determination and crystallographic refinement can be found in 
Table 1 . 
    Figure 1b demonstrates the typical electron density observed in the protein’s 
ordered regions.  The 2Fobs – Fcalc σA- weighted electron density map is continuous 
between covalently bonded atoms at lower contour levels, and discrete at higher contour 
levels showing density for individual atoms.   Calculation of the Ramachandran plot [17] 
by the program PROCHECK [18] revealed that  97.6% of the residues in the final model 
are found in the most favored regions and the remaining 2.4%  in additionally allowed 
regions (Table 1).   
 
P1 helices A-D form an anti-parallel four helix bundle 
The present atomic resolution structure shows the same overall fold as observed 
in the low resolution E. coli NMR structure and the Salmonella 2.1Å crystal structure [1, 
2].   The α-helical structure consists of four α-helices ranging in length from 18 to 28 
residues, as calculated by the program PROMOTIF [19].  The autophosphorylation site, 
His45, was also observed to be solvent exposed and located on Helix B  [1, 2].  
Nonetheless, an atomic resolution structure is more accurate, providing a wealth of 
detailed information on hydrogen bonding networks and a molecule’s inherent flexibility. 
   
Dynamic features of P1short 
 In addition to improving the accuracy of the atomic coordinates in the histidine 
phosphotransfer domain active site, extensive conformational heterogeneity was observed 
throughout the molecule.  Approximately 45% of P1 residues exist in an alternate 
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conformation, a substantially higher percentage than the 6-24% observed in other 
proteins of comparable resolution [12, 20].  A number of side chains (Thr14, Glu16, 
Gln19, Leu21, Met51, Met55, Ser58, Asp72, and Glu78) throughout the model reveal the 
presence of alternate conformations.   
Interestingly, two distinct main chain conformations are observed for the terminal 
portion of helix A (residues 22-32) and the entire helix D (residues 82-105) (Figure 2a).  
Only residues 31, 32, and 82 are located in connecting loops.  The quality of the electron 
density map of the extended disordered regions is in general poorer than the rest of the 
molecule, providing evidence of appreciable disorder for every residue in this region.  
Side chain density is not as well defined as that for the main chain. 
Electron density from omit maps provides clear evidence that the mainchain 
exists in an alternate conformation (Figure 2b-2c).  This displacement is correlated.  The 
ranges of conformer separation between equivalent backbone atoms in helix A range 
between 1.27Å and 1.85Å.  The occupancies of these atoms are 0.52 and 0.48.  Helix D 
displays an incremental increase in mainchain separation in going from its N- to C- 
terminus.  The ranges of distances between equivalent atoms are 0.84Å to 1.07Å for 
residues 82-87; 1.11Å to 1.28Å for residues 88-91; 1.21Å  to 1.43Å for residues 92-98; 
and 1.25Å to 1.73Å  for residues 99-103.  The occupancies of helix D are 0.53 and 0.48, 
respectively.  Although two discrete conformations for these helices are resolved, 
additional conformers that we are not able to accurately model with current refinement 
techniques may exist.   
The intrahelical hydrogen bonds of each conformer are maintained as well as side 
chain interactions.  The disordered region of helix A (residues 22-32) shares a 
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hydrophobic interface with residues 81-93 of helix D.    Although the side chains of these 
residues exist in two conformations, the interhelical packing is not disturbed.  The same 
is observed with the hydrophobic residues of helix D that face helix C. 
 
P1short exhibits wild-type activity and stability 
Highly diffracting crystals of the CheA histidine phosphotransfer domain were 
obtained by truncating the C-terminal helix of P1, helix E.  Prior studies indicated that 
helix E was not critical to the phosphorylation reaction and had little interaction with the 
other helices of the phosphotransfer domain  [1, 21, 22].  In order to ascertain that 
removal of the terminal helix did not affect phosphorylation activity, we compared the 
Km value of P1 (helices A-E) and P1short(helices A-D) for ∆289, a CheA fragment 
consisting of the dimerization, kinase and regulatory domains was monitored as a 
function of temperature.  Although it was not possible to measure the initial velocities of 
either protein at saturating conditions, their respective Km values were estimated to be 
270µM and 230µM (Table 4).  Therefore, phosphorylation activity was not altered by the 
removal of helix E.    
Circular dichroism was used to monitor the thermal denaturation of P1 and P1short.  
The melting temperature, Tm, was 98ºC and 99ºC, respectively (Table 3).  The parameters 
of the two protein fragments show good correlation to one another.  Hence, we conclude 
that truncation of the terminal helix is not affecting the protein’s structure or activity. 
 
The active site architecture 
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The high resolution structure of the CheA histidine phosphotransfer domain has 
afforded the unique opportunity to accurately determine the geometric arrangement of 
residues surrounding the active site histidine.  An important issue that can be addressed at 
a resolution of 0.98Å is the clear distinction between carbon, nitrogen, and oxygen. 
  Based on the volume density observed at higher contour levels, the position of 
the His45 side chain nitrogen atoms could be indisputably assigned (Figure 3).  It was 
first predicted [23] and later suggested that the hydrogen bonding partner of the phospho-
accepting histidine was Glu67 [2].  The distance between the nitrogen atom (Nδ1) of 
His45 and the oxygen atom (Oδ2) of Glu67 is 2.70Å (Figure 4).  The site of 
phosphorylation, the Nε2 atom of His 45, is exposed to solvent and not within the 
hydrogen bonding distance of any atoms.  We have thus unambiguously identified the 
hydrogen bonding partner of His45.   
Further information about the active site environment was extracted by removing 
the stereochemical restraints on Glu67 during refinement.  In general, neutral carboxyls 
have bond lengths around 1.21Å and 1.32Å for the C=O and C-OH bonds, respectively.  
On the other hand, ionized carboxyls have identical C-O bond lengths due to electron 
resonance.  The differences in the carboxyl bond lengths were also calculated to deduce 
the protonation state [24].  Using unrestrained positional refinement, the C-O bond 
lengths of Glu67 were calculated to be 1.23Å and 1.24Å.   In addition, the electron 
density of the carboxyl moiety at higher contour levels is equally distributed exhibiting 
properties of delocalized charge (Figure 3).  Together, these data reveal that Glu67 exists 
in an ionized state, allowing it to act as a hydrogen bond acceptor.  The bond lengths of 
histidines 45 and 64 were also calculated.  The distances between the carbon nitrogen 
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bonds (Cε1 and Nε2) and (Cε1 and Nδ1) are nearly equivalent, as expected for an imidazole 
side chain that is undergoing rapid tautomerization [25].   
The P1 active site exhibits a hydrogen bond network between four largely 
conserved residues:  His45, Glu67, Lys48, and His64 (Figure 4).  Glu67 acts as the 
hydrogen bond acceptor of the phospho-accepting His45, and neighboring atoms Lys48 
and His64.  Interestingly, these four residues only interact with one another, forming 
hydrogen bonds with no other residues (Table 4). 
 
His45 exhibits an altered pKa 
Experiments measuring the pH dependence of P1 phosphorylation by ∆289 
revealed the optimal phosphorylation activity to be at approximately pH 8.5, as observed 
in E.coli CheA [26].  The experimentally determined pH profile of the T. maritima P1 
domain was overlaid with the calculated fraction of histidine molecules that would be 
found in the deprotonated state when using a pKa value of 6.9, the pKa value determined 
for the T. maritima phospho-accepting histidine at 50°C; and using a pKa value of 5.9, 
the estimated average pKa value of a solvent exposed histidine at 50°C (this value was 
determined in Chapter 3).  The histidine pKa value is expected to be lower at 50°C than 
the previously measured value at 30°C[3] due to the dependence of temperature on pKa. 
Figures 4a-b reveal that the pH activity profile of the phosphotransfer domain is 
consistent with the phospho-accepting histidine having a higher pKa than that found for 
an average solvent exposed histidine.  Using a pKa of 5.9, close to 80% of the histidine 
molecules are calculated to exist in the deprotonated state at pH 6.5.  Yet, only ~20% of 
maximal phosphorylation activity is observed in vitro.  Conversely, approximately 30% 
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of the histidine molecules are expected to exist in the deprotonated state at pH6.5 using a 
pKa of 6.9, correlating closely to the experimentally determined value. 
 
DISCUSSION 
 
The CheA phosphotransfer domain, P1, of T. maritima consists of a four-helix 
bundle structure, which is common to the histidine phosphotransfer domains belonging to 
other two component systems, such as ArcB and Ypd1 [14-16, 27].  Protein backbone 
dynamic studies show that with the exception of the N- and C- terminal residues and 
some of the loop regions, the E.coli P1 domain forms a tight and compact structure with 
little flexibility both in helices and turns [1].   
 Despite the previously reported overall rigidity of P1 and other histidine 
phosphotransfer domains, multiple occupancies from various residues have been 
identified in the T. maritima P1 structure.  In fact, two regions possessing extended 
disorder are observed in helices A and D.  The unprecedented number of residues that 
exist in heterogeneous conformations suggests that there are likely more substates than 
we can model, including perhaps smaller scale fluctuations throughout the entire 
molecule.  The dynamic properties that P1short exhibits may be important contributors to 
the domain’s biological function.  The molecule’s flexibility could possibly facilitate 
conformational adjustments that may be required to bind the kinase domain.     
Alternatively, the observed dynamic features could result from the removal of the 
terminal E helix.   Crystallographic and NMR studies suggested that Helix E had minimal 
contact with the four N-terminal helices [1, 2].  Data presented in this paper revealed that 
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it does not contribute towards helix cluster stability or to the phosphorylation reaction 
(Table 3).   Hydrogen exchange studies demonstrated that the five helices show different 
degrees of protection [1].  Helix D showed the strongest protection against solvent, 
suggesting it has extensive contacts with the other helices.  If the truncation of helix E 
results in the destabilization of helix D, the extensive disorder found in helix D could be 
propagated to helix A.   This is likely the case considering that the occupancies of the 
alternate conformations in these two helices are virtually identical.   
The high resolution structure of P1 may reveal important principles of the 
structure and dynamics of histidine phosphotransfer domains.  The same general protein 
fold appears to be utilized by prokaryotes and lower eukaryotes to undergo 
phosphotransfer reactions.  The four-helix bundle motif that is characteristic of HPt 
domains is always flanked by other helices in the structures solved to date.  It is tempting 
to speculate that the four-helix bundle core of the various HPt domains is stabilized by 
surrounding helices.  
While the general fold of the P1 domain is conserved between the organisms, 
E.coli, Salmonella and T. maritima, the detailed interaction of residues surrounding the 
phospho-accepting histidine differs.  In addition to the hydrogen bonding network that is 
observed between His45, Glu67, and Lys48 in the Salmonella structure [2], the T. 
maritima P1 structure revealed that His64 participates in the hydrogen bonding network 
as well.   
At the higher resolution of 0.98Å, there is a dramatic increase in the quality and 
detail of the electron density map in comparison to that of a 2.1Å structure.  The 
ambiguity in the geometry and architecture of the hydrogen bonding network caused by 
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crystal packing interactions in the Salmonella structure is clarified in this paper (Table 4).  
Residues involved in this hydrogen bonding network are important to CheA function.  
Site directed mutagenesis of Glu67 and Lys48 (Glu70 and Lys50 in Salmonella), 
diminish CheA auto-phosphorylation [2]. 
The phospho-accepting histidine was reported to exist in the unusual Nδ1H 
tautomeric state [3].  We have been able to unambiguously confirm the existence of a 
hydrogen bond between the conserved glutamate, Glu67 in T. maritima, and the Nδ1H 
position of the histidine.  Glu67 exists in an ionized state, as observed by the delocalized 
electron density and C-O bond lengths.  The results of the P1 pH profile (Figure 4) 
further support the existence of a perturbed pKa for the phospho-accepting histidine.   
These findings have mechanistic implications.  The crystal structure of the CheA 
kinase domain revealed that it does not resemble Ser/Thr or Tyr kinases [23, 28].  
Instead, it is structurally similar to the GHL family of ATPases.  Despite the striking 
topological and sequence similarities, some compelling differences exist between these 
two protein families.  An essential glutamate of the GHL ATPases, presumed to be the 
general base involved in water activation for ATP hydrolysis, is missing from the CheA 
kinase domain P4 [29]. We propose that the conserved Glu67 completes the catalytic 
center observed in GyrB.  The CheA P1 domain may therefore provide not just the 
nucleophile for phosphate transfer (His45), but also the activating glutamate (Glu67).    
Bacterial chemotaxis represents one of the best biochemically and structurally 
characterized signal transduction pathways.  The structures, or fragments, of all the 
identified players have been solved.  A wealth of structural and biochemical data exists 
for CheA.  With high resolution structures of the phosphotransfer domain (P1) and the 
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kinase domain (P4), there is a unique opportunity to identify the key determinants of 
activity in this protein family.  These results will provide a solid structural basis for 
further understanding the phosphotransfer mechanism involved in bacterial chemotaxis 
and may provide critical insight for the development of novel antibiotic agents.  In 
addition, the observed conformational heterogeneity provides evidence for protein 
dynamic motions, known to occur in solution, but rarely observed in crystal structures.     
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Table 1:  Data collection and refinement statistics 
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 P1short EMP PMA Hg-anom Se6 
Data Collection Statistics      
     Resolution (Å) 0.98 1.798 2.1 1.6 2.0 
     Wavelength (Å) 0.9 1.54 1.54 1.006 0.93 
     Total reflections 362996 63326 61390 76550 72990 
     Unique reflections 52070 8753 5742 12897 6586 
     Completeness (%) 98 
(88.2) 
97.2 
(90.5) 
99.6 
(98.1) 
93.3 
(96.5) 
99.1 
(98.8) 
     I/σ(I) 19.2 
(2) 
 14.5 
(6.7) 
25.8 
(6.6) 
41.0 
(17.1) 
     Rsym(%) 0.063 
(0.33) 
0.039 
(0.10) 
0.067 
(0.19) 
0.064 
(0.21) 
0.032 
(0.047) 
     Mosaicity 0.356 0.601 0.578 0.406 0.345 
     Wilson B (Å2) 11.354 23.856 27.129   
      
Refinement Statistics      
     Resolution limits 15 – 0.98     
     Rworkc 0.17     
     Rfreed 0.20     
     RMS deviations from 
     ideal values 
     
          Bond lengths (Å)      0.015     
          Bond angles (°) 2.70     
          Dihedral angles (°) 21.13     
          Improper torsion 
angles (°) 
2.17     
      Ramachandran plote 
residues in 
     
           Most favored 
regions (%) 
97.6     
           Additional allowed 
regions(%) 
2.4     
           Generously allowed 
regions(%) 
0.0     
           Disallowed regions 
(%) 
0.0     
      
a Numbers in parentheses correspond to values in the highest resolution shell 
b Rsym = (ΣhklΣiIi(hkl) - < I(hkl) >)/(ΣhklΣi I(hkl)) 
c Rwork = Σ(Fobs - Fcalc)/ΣFobs 
d Rfree is the R-factor calculated for a 5% test set of reflections excluded from the 
refinement calculation 
e As determined by PROCHECK [18] 
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Table 2:  MIR and MAD phasing statistics 
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 Number 
of sites 
Resolution Phasing 
Power 
Anomalous 
Ratioa 
Dispersive 
Ratiob 
Figure of 
merit 
EMP 2 2.5 1.65   
PMA 2 2.5 1.37   
0.58 
Hg-anom 2 2.5 0.56    
Se6 6 2.5 1.05    
Inflection  2.8  0.021  
Peak  2.8  0.026 0.037 
High 
remote 
 2.8  0.022 0.048 
0.48 
       
Combined  2.5    0.63 
 
aAnomalous ratio = rmsF+ - F-/rms F 
bDispersive ratio =  rmsFλ1 - Fλ2/rms F 
 64
  
 
 
 
 
 
 
 
 
Table 4:  Comparison of kinetic and stability parameters between P1 and P1short 
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 Km(µM) Tm (°C) 
P1 270 99 
P1short 230 98 
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Table 5:  Stereochemical parameters of conserved residues involved in the P1 hydrogen 
bonding network 
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Donor (D-H) Acceptor (D-A) distance DHA angle 
His45 Nδ1-H Glu67 Oε1 2.70 150.1 
Lys48 NZ-H Glu67 Oε2 2.62 135.07 
His64 Nδ1-H Glu67 Oε2 2.78 146.9 
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Figure 1:  Structure of the HPt domain of T. maritima CheA.  (a)  A ribbon representation 
of the P1 domain demonstrates the overall fold to be a four helix bundle.  (b) The 2Fo-Fc 
σA- weighted electron density map of 1.1Å data contoured at 2σ (green) and 4σ (purple). 
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Figure 2:  (a)  The P1 mainchain exists in two conformations (b)  Fo-Fc σA- weighted 
omit maps contoured at 2σ of a region exhibiting an alternate conformation 
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Figure 3: The 2Fo-Fc σA- weighted electron density map of the P1 active site contoured at 
2.2σ (green) and 3.2σ (purple).   
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Figure 4:  The pH profile of the T. maritima P1 domain overlaid with the calculated 
percentage of histidine molecules existing in the deprotonated state at pHs (a) 5.9 and (b) 
6.9 
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Chapter 3 
 
 
The chemical determinants of histidine reactivity in CheA  
 82
Protein phosphorylation is a key mechanism for intracellular signal transduction 
in both eukaryotic and prokaryotic cells.  Histidine phosphorylation is central to bacterial 
signaling [1-3].  Histidine kinases initiate signal processing, transmitting information 
from the extracellular environment and triggering an appropriate response.  Since 
histidine phosphorylation is prevalent in prokaryotes, and rarely found in higher 
eukaryotes, it is of extreme interest to elucidate the determinants of histidine reactivity.  
Distinguishing features could lead toward the development of novel antibiotics.   
One of the best characterized histidine kinases is CheA, an autophosphorylating 
dimeric protein that initiates the phosphorylation cascade which results in chemotaxis, the 
directed movement of bacteria in a chemical environment.   The structure of CheA’s 
catalytic core revealed that it is not similar to the Ser/Thr or Tyr kinases.  Instead, CheA 
surprisingly resembles the functionally divergent GHL (for GyrB, Hsp90, MutL) ATPase 
family [4].  Histidine kinases use ATP as a phosphodonor, transferring its γ-phosphoryl 
group to a histidine residue.  In contrast, ATPases cleave the ATP γ-phosphoryl group 
and release it into water.   
CheA and the GHL family of ATPases share a common structural element, a deep 
cavity for ATP binding to the active site.  In addition to possessing similar topologies, the 
sequences of the ATP-binding sites of protein histidine kinases (PHKs) and GHL 
ATPases are highly conserved.  The edges of the ATP-binding cavities of these proteins 
include four regions of sequence similarity:  the N, G1, F, and G2 boxes [4, 5].   
Despite the striking topological and sequence similarities, some critical 
differences exist between these two protein families.   An essential glutamate of the GHL 
ATPases presumed to be the general base involved in water activation for ATP 
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hydrolysis [6] is replaced by His 405 in CheA.  This glutamate is missing from the kinase 
domain.  However, there is a conserved glutamate in the CheA histidine phosphotransfer 
domain, P1, which is in the vicinity of the active site histidine.   
CheA phosphorylation activity is sensitive to pH in the range between 6.5 and 10 
[7] (Chapter 2 Fig. 4).  The phosphoaccepting histidine (His48 in E.coli) was previously 
determined by NMR to have a higher than normal pKa of 7.8 and to exist in the normally 
unfavored tautomeric form, Nδ1H.  [8].  The phosphorylatable histidine remains strongly 
hydrogen bonded, even at pHs above its pKa value, via the Nδ1 atom, which serves as a 
hydrogen bond donor.  However, due to the low resolution of the P1 NMR structure, it 
was initially not possible to identify the histidine hydrogen bonding partner [9].   A 
crystal structure of the Salmonella P1 domain identified a glutamate residue as a potential 
hydrogen bonding partner [10]. 
In an effort to determine whether the conserved P1 glutamate (Glu67 in 
Thermotoga maritima) plays a similar role as the activating glutamate of the GHL 
ATPases, in depth structural and biochemical studies were carried out at the 67th position 
of the T. maritima histidine phosphotransfer domain.  Herein, we explore the putative 
catalytic role of Glu67 to the CheA autophosphorylation reaction by site-directed 
mutagenesis, protein crystallography, and 2-D NMR techniques.   
 
MATERIALS AND METHODS 
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Protein cloning, expression, and purification 
T. maritima CheA, ∆289 (residues 290-671), domain P1 (residues 4-133), and 
P1E67Qshort (residues 4-104) were subcloned in the vector pET28(a) (Novagen).  The 
plasmid was transformed into E. coli strain BL21(DE3) (Novagen) and protein expressed 
in 2L TB cultures.  Protein purification was achieved by affinity chromatography on 
Nickel-NTA beads (Qiagen), followed by an overnight digestion of the His6 tag at 4°C.   
The protein was further purified by gel filtration on a superdex 75 or 200 column 
(Pharmacia) using a buffer composed of 50 mM Tris pH7.5, 150 mM NaCl and 2 mM 
DTT.  Centrifugation with an Amicon centriprep concentrator yielded the concentrated 
protein.  Mutations were made using the QuickChange Site-Directed Mutagenesis Kit 
(Stratagene). 
 
Phosphorylation Assays 
Initial velocities of full length CheA and its mutants (2-10 µM) or P1(30 µM) 
incubated with  ∆289(2 µM) were measured in 50 mM Tris pH 8.5, 50 mM KCl, and 2 
mM DTT at 50°C.  Reactions were initiated upon addition of [γ-32P] ATP.  At specific 
time intervals, aliquots were quenched with 2X sodium dodecyl sulfate (SDS) 
electrophoresis buffer containing 25 mM ethylenediaminetetra acetic acid (EDTA).  
Samples were then electrophoresed on 12-18% Criterion Tris-HCl gels (Biorad) using a 
Criterion Dodeca Cell (Biorad).  Gels were dried under vacuum and phosphorylation 
quantified using a Storm phosphoimager (Molecular Dynamics).  pH dependence studies 
were performed in the same manner over a pH range of 6 to 9.5.  The same protocol was 
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used when P1(30 µM) was incubated with  ∆289(2 µM) in the presence of a tenfold 
excess of P1 mutant (300 µM) or the control BSA(300 µM). 
 
Swarm assays 
 Tryptone swarm plates consist of 0.25% Difco Bacto Agar in tryptone broth (1% 
tryptone, 0.5% NaCl) 100 µg/ml ampicillin, and 5 µM IPTG.  Strain RP9538, a derivative 
of E.coli K-12 carrying a deletion for the CheA gene, was transformed with pAR1:cheA 
derivatives containing the wild-typeor mutant alleles. Tryptone swarm plates were 
stabbed in the center with fresh transformants and immediately incubated at 37°C.  Ring 
diameters were measured after twelve hours.  RP9538 and pAR1:cheA were kindly 
provided by Prof. Rick Stewart (University of Maryland, College Park). 
 
CD experiments 
CD spectra were recorded with an AVIV (Lakewood, NJ) 62A DS spectrometer 
equipped with a Peltier-type temperature control system and using a 0.1 cm quartz 
cuvette (Wilmad).  Samples were prepared in 20 mM NaPi buffer at pH 8.  Data were 
collected in the far UV (from 250 to 190 nm) with an averaging time of 5 s and a 
bandwidth of 1.5 nm.   
 
Crystallization, data collection, structure determination, and refinement  
 Orthorhombic crystals belonging to the P2221 space group were obtained by 
mixing 2 µL of 7-15 mg/ml P1E67Qshort with 2 µL of the reservoir solution (14% PEG 
2K, 0.1M NaAc pH 4.5, 0.2M AmAc).  Crystals were briefly soaked in a cryoprotectant 
solution (36% PEG 8K, 0.1M NaAc pH4.5, and 0.2M AmAc) and then flash frozen.  
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Diffraction data were colleted to 1.1Å resolution at the Cornell University synchrotron 
source, CHESS, on beamline F1.  Data were processed, scaled, and merged using the 
DENZO/SCALEPACK suite of programs [11] (Table1).   
 The “warpNtrace” feature of ARP/wARP was used to automatically build the 
initial protein model [12].  The asymmetric unit consists of one molecule.  Iterative 
cycles of refinement using the program SHELXL [13] and manual rebuilding of the 
model in XtalView [14] yielded an Rwork and Rfree of 0.146 and 0.194, respectively.  
Inclusion of all data yielded a crystallographic R factor of 0.148 (Table 1).  As previously 
observed in the wild-type structure of P1 (Chapter 2 Fig. 2), several discrete residues (14, 
16, 39, 51, 54, and 55) exist in alternate conformations.  Extended regions displaying 
alternate conformations in helices A and D (residues 21-32 and 82-105) are also observed 
in the P1E67Qshort crystal structure. 
  
NMR spectroscopy 
NMR experiments were performed on a 600 MHz Inova spectrometer equipped 
with 1H [13C/15N] pulsed-field gradient probes.  NMR samples contained 50mM sodium 
phosphate, 0.05% sodium azide and 10% D20.  All experiments were recorded at 50˚C.  
Assignments for all non-proline backbone amides of wild-type P1 were obtained from the 
Dahlquist Lab (Hamel et al. unpublished results).  For this work, 3-D 15N-NOESY-
HSQC, 2-D HSQC-aliphatic and 2-D HSQC-aromatic correlation experiments were 
acquired on uniformly 15N-labeled proteins [15].  For aliphatic (aromatic) HSQC spectra, 
the 15N carrier frequency was set to approximately 121(190) ppm, using a delay of 
4.8(50) ms to refocus chemical shift evolution arising from the coupling between the 
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backbone amide proton and nitrogen (carbon-bound proton and imidazole nitrogen).  In 
all correlation experiments 100(128) complex t1 increments were recorded.  Spectral 
widths were 1600(4800) Hz in F1 and 8000 Hz in F2.  The number of scans in individual 
2D experiments ranged from 4 to 128 depending on the signal-to-noise ratio.  Quadrature 
detection in the  15N dimension used the States-TPPI method [16].  3D 15N-NOESY-
HSQC spectra were recorded for each mutant and used to verify backbone amide 
resonance assignments.   These spectra had the same parameters listed above with 64 
complex t2 increments, spectral width of 8000 Hz in F3 and 150 ms mixing time.  In the 
pH titration experiments, a series of spectra were recorded for each protein, ranging from 
approximately pH 4 to pH 10. The pH was adjusted with small amounts of HCl or NaOH.  
The aliphatic HSQC experiments were used to measure chemical shift changes with pH 
of the amides.  The aromatic HSQC experiments were used to measure pH-dependent 
chemical shift changes of the histidine rings.  All data was processed using the FELIX 
software package from MSI. 
 
Analysis of NMR data 
The protonation state of a nitrogen nucleus results in a unique chemical shift [17-
21].  The charged (type α+) and neutral (type α) protonated imidazole 15N nucleus have 
chemical shifts of 176.5 and 167.5 ppm, respectively.  The deprotonated 15N (type β) 
possesses a chemical shift of 249.5 ppm.  These values are according to that of Pelton et 
al., which differ from those of Bachovchin [22, 23] (Table 2).     
 At low pH, the observed chemical shifts reflect that of the pure protonated state, 
whereas at high pH, the chemical shifts consist of the weighted averaged of the neutral 
 88
tautomer shifts [23].  Fast equilibration of the two tautomers, Nδ1H and Nε2H, is observed 
in solution [24].  Important information about the predominant histidine tautomeric state 
and potential hydrogen bonding interactions can be obtained by comparing the observed 
chemical shift values to those obtained from model compounds.  Hydrogen bonding 
results in changes to the 15N chemical shifts that are similar to those produced by nitrogen 
protonation and deprotonation [24].  However, the magnitude is much smaller, up to 
10ppm.   Another indication of hydrogen bond formation is the predominance of the 
normally unfavored tautomer Nδ1H [8, 23, 25]. 
 The pKa values of the imidazole rings were determined by a least squares fit of 
the chemical shifts over a range of pH values using the Henderson-Hasselbach equation: 
 
δobs= δ110-pH/(10-pH +10-pKa) + δ210-pKa/(10-pH + 10-pKa) (Eqn 1) 
 
The chemical shifts at the low and high pH limits are δ1 and δ2 respectively.  The 
observed chemical shift, δobs, at any given pH is assumed to result from the weighted 
average of fast exchange between the limiting values δ1 and δ2, respectively.  The fraction 
of each tautomer present was calculated as previously described [8].   
 
RESULTS 
 
A conserved residue, Glu67, is critical to CheA auto-phosphorylation  
As a first step in probing whether GHL ATPases and PHKs share a common 
mechanism of ATP cleavage, we investigated the role Glu67 plays in CheA 
 89
autophosphorylation.  A series of mutations at this position were designed to examine 
whether hydrogen bonding ability or charge were critical to the phosphorylation reaction.  
Using site directed mutagenesis, the conserved residue Glu67 was altered to Gln, Asp, 
and Ala.  
The first mutation, E67Q, replaces the oxygen moiety of the carboxyl side chain 
with an amide. This conservative mutation maintains hydrogen bonding ability, but 
removes charge from this location.  In addition, other histidine phosphotransfer (HPt) 
domains, such as ArcBc and Ypd1, have a glutamine at this position.  It was of interest to 
probe whether a glutamine residue is interchangeable for a glutamate at this site.  The 
Asp mutation keeps the charge, but being one carbon shorter than a Glu, could weaken or 
abolish a hydrogen bond.  The Ala mutation removes both charge and the ability to 
hydrogen bond.  The effects of a Glu to Ala mutation have already been described for 
Salmonella [10].  However, the conservative and semi-conservative mutations reported in 
this study investigate the role of Glu67 in further detail by assessing the effect of varying 
hydrogen bonding degrees and charge on the phosphorylation reaction of T. maritima 
CheA. 
To initially characterize each Glu67 mutant, the phosphorylation level of wild-
type protein was compared to that of mutant protein following a thirty-minute incubation 
with γ32P ATP in vitro.  Mutations were made both in the isolated phosphotransfer 
domain, P1, as well as the intact CheA protein.  CheA containing the mutations E67Q, 
E67D, and E67A showed dramatically reduced autophosphorylation activity (5.7%, 
8.4%, and 2.4%, respectively; Figure 1a).  An even more dramatic reduction in 
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phosphotransfer activity to P1 was observed, averaging about 1% of wild-type activity 
for all mutants (Figure 1b).  
The effect of each mutation was further investigated in vivo by measuring the 
ability of E. coli mutant strains to migrate in semisolid agar medium [26].  Plasmids 
expressing each E67 mutation in intact CheA were transformed into a host strain, ∆cheA, 
lacking the CheA allele.  All E67 CheA mutants exhibit significantly reduced 
chemotactic swarming ability, approximately 20% of that observed with wild-type 
(Figure 2).  Therefore, a point mutation of a critical residue in CheA can disrupt the 
normal chemotaxis signal transduction pathway in intact cells. 
To probe whether an increase in pH rescues the activity of the E67 mutants by 
making His45 more nucleophilic through deprotonation and therefore more amenable to 
phosphorylation, the activity of E67 mutants was monitored as a function of pH at 50ºC.   
The phosphotransfer reaction of the mutants is not markedly affected by a change in pH 
(Figure 3).  Phosphotransfer to the mutant proteins is therefore independent of pH or the 
deprotonation of the active site histidine.   
Far-UV CD spectra of wild-type P1 and the E67 mutants are virtually identical, 
indicating that the mutation does not alter the secondary structure of the phosphotransfer 
domain (Figure 4a).  In order to probe whether the P1E67Q mutant binds the kinase 
domain as P1, it was incubated in a tenfold excess to its wild-type counterpart in the 
presence of the kinase fragment ∆289.   The time course of this reaction was monitored 
and revealed that P1E67Q inhibits the normal progression of phosphotransfer.  A tenfold 
excess of P1E67Q results in 26% of normal phosphotransfer activity (Figure 4b). To 
further investigate whether P1E67Q is specifically inhibiting the phosphorylation 
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reaction, a ten fold excess of a non-specific protein, BSA, was added to a solution 
containing P1 and ∆289.  90% of normal activity is retained.  Taken together, these data 
suggest P1E67Q is a catalytic mutation of the wild-type reaction.  Both charge and the 
ability to hydrogen bond are important at this position.  
 
The high resolution structure of P1E67Q reveals a disrupted hydrogen bond network 
In order to further elucidate the role that Glu67 plays in the phosphotransfer 
reaction, the crystal structure of P1E67Qshort (helices A-D) was solved to a resolution of 
1.1Å (Table 1).  The protein crystal belongs to the orthorhombic P2221 space group with 
cell dimensions a= 27.36Å,  b= 37.49Å, and  c= 87.47Å.  Refinement converged to an 
Rwork of 14.6% and an Rfree of 19.4%. 
At a resolution of 1.1 Å, individual atoms such as N and O can be unambiguously 
assigned based on the electron density volume.  Additionally, the shape of the electron 
density at single and double bonds can be distinguished.  As observed in Figure 5, the 
glutamine carbonyl exhibits continuous electron density, as expected for a double bond, 
between the carbon and oxygen atoms.  On the other hand, the nitrogen moiety of the Gln 
residue shows discrete density, as expected for a single bond.  The high resolution 
structure of P1E67Q therefore affords a unique opportunity to see the structural effects of 
a single point mutation in atomic detail.   
The E67Q structure is almost indistinguishable from that of the native P1 
structure, with the exception of a few but critical details.  An overlay of the active site 
region of wild-typeP1 and P1E67Q reveals the disruption of the hydrogen bond network 
involving His45, Glu67, Lys48, and His64 (Figure 6a).   At pH 4.5, the Nδ1 position of 
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the phosphoaccepting histidine is within hydrogen bonding distance, 2.82Å, of the Gln67 
carbonyl oxygen atom.  The slight change in side chain orientation results in the 
disturbance of the hydrogen bond interactions to Lys48 and His64 observed in the wild-
type at this position (Figure 6b).    
 
Glu67 tunes the reactivity of the phosphoaccepting His45 
In solution, histidine side chains readily exist in three protonation states: a 
charged state and two neutral tautomers Nδ1and Nε2, which undergo fast exchange in 
solution [23, 24].  Based on the chemical shift value, it is possible to identify hydrogen 
bonding interactions, protonation and tautomeric states.  (Table 2).  In order to evaluate 
how a conservative mutation at the 67th position affects the reactivity of the 
phosphoaccepting histidine, we expressed 15N labeled P1E67Q.   P1E67Q contains three 
histidines, the site of phosphorylation, His45, a participant in the hydrogen bond network, 
His64, and a residual N-terminal histidine from the histidine tag used for protein 
purification.  Histidine deprotonation was monitored as a function of pH using two 
dimensional NMR techniques.   
The pH titration of the P1E67Q His45 imidazole is depicted in Figure 7a.  Using 
equation 1, its pKa was determined to be 5.8.  At pH 3.97, the chemical shift values of 
Nδ1 and Nε2 are 178.4 and 174.3ppm, respectively.  These values closely correspond to 
the expected 176.5 ppm for a charged imidazole nitrogen.  At the high pH limit, the 
chemical shift values of Nδ1 and Nε2 are 226.7 and 184.5 ppm, respectively (Table 3).  
The larger shift of the Nδ1 atom indicates that the phosphoaccepting histidine primarily 
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exists in the Nε2H tautomeric state.  In fact, the Nδ1H:Nε2H tautomeric ratio was 
calculated to be 1:3.3 (Table 4).  
The protonation states of the remaining two histidines were also examined 
(Figures 7b-c).  His64 is involved in the conserved hydrogen bonding network of P1 
(Figure 4b).  The Nδ1 atom has a much larger chemical shift, 237.1 ppm, than the 
176.1ppm of Nε2 indicating that the Nε2H tautomer is dominant.  The pKa value of His64 
is 5.9 and the Nδ1H:Nε2H tautomeric ratio was calculated to be 1:4.3 (Table 4).  The final 
histidine, located at the N-terminus, is a residual amino acid from the histidine tag.  It 
plays the role of an internal control, serving as a model solvent-exposed histidine residue 
(Table4).  Its pKa was measured to be 5.9 and its Nδ1H/ Nε2H tautomeric ratio is 1:4.2.  
The pH titration of the imidazole 1H chemical shifts for all histidines can be found in 
Appendix 1. 
 
DISCUSSION 
 
The activation of a phosphoaccepting histidine residue  
Using site-directed mutagenesis, crystallography, and 2-D heteronuclear NMR, 
Glu67 was identified as an indispensable residue to the CheA autophosphorylation 
reaction.  A systematic mutational study investigating whether hydrogen bonding or 
charge were important contributing factors to the phosphorylation reaction in vitro and in 
vivo revealed that both properties are important (Figures 1-2).  A Gln side chain that 
maintains hydrogen bonding ability and an Asp side chain that preserves charge at this 
location both result in the dramatic inhibition of phosphorylation activity.  Interestingly, a 
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Gln residue, although found in the same position in other HPt domains [27, 28], is not 
interchangeable for a Glu residue in CheA (Figure 1).  These results indicate that a 
negatively charged residue that simultaneously acts as a hydrogen bond acceptor of the 
phosphoaccepting histidine is required for efficient CheA autophosphorylation to take 
place.  
Although the E67A mutation in Salmonella was shown to reduce the ATP 
phosphotransfer rate, these experiments could not distinguish whether the decrease in 
activity was due to the disruption of secondary structure, the loss of binding between the 
P1 and the kinase domain, or a catalytic defect [10].  Point mutations at Glu67 do not 
perturb the secondary structure content of P1 as evidenced by far-UV circular dichroism 
studies (Figure 4a).   The crystal structure of P1E67Q further confirms that the overall 
structure remains intact.  Additionally, phosphorylation of wild-typeP1 by the catalytic 
core fragment, ∆289, was inhibited in the presence of an excess of P1E67Q.  On the other 
hand, an excess of a random protein, bovine serum albumin (BSA), that is not expected to 
bind P4, did not affect P1 phosphorylation (Figure 4b).   We infer that P1E67Q is 
recognizing the kinase domain P4 and acting specifically.   
The pH profile of E. coli and T. maritima CheA demonstrated optimal activity at 
pH 8.5, consistent with the existence of a higher than normal histidine pKa (Chapter2 
Figure 4) [7]. The phosphorylation activity of E67 mutants are independent of pH.  In 
fact, the phosphorylation level at pH 6.5, where roughly 70% of histidines exist in the 
protonated state, is similar to that at pH 8.5 and higher, where greater than 99% of the 
histidines are expected to exist in the deprotonated state.  Histidine reactivity in E67 
 95
mutants is unaffected by the histidine protonation state.  Hence, the mere deprotonation 
of His45 does not lead to histidine phosphorylation (Figure 3).   
The atomic resolution structure of P1E67Q provided further insight into the 
functional role of Glu67.  In changing one atom of a side chain from an oxygen to an 
amide, the side chain orientation at the 67th position is altered.  This slight change 
disrupts the hydrogen bonding network observed in the native structure (Figure 6).  The 
crystal structure of wild-type P1 demonstrated that Glu67 acts as a hydrogen bond 
acceptor to both Lys48 and His64.  In P1E67Q, the neutral Gln no longer forms a salt 
bridge with a positively charged Lys48.  Furthermore, the Gln amide cannot act as a 
hydrogen bond acceptor to His64.    
Despite the disruption to the intricate hydrogen bonding network the position of 
His45 is curiously not altered by this mutation.  Glu67 is thus not involved in the 
positioning or alignment of the phosphoaccepting histidine.  Although structural 
perturbations cannot be ruled out as a cause for the decreased efficiency of histidine 
phosphorylation, a change in the chemical and electronic properties of the 
phosphorylatable histidine is likely most responsible for the drastic change in activity.  
The P1E67Q phosphoaccepting histidine exists in the Nε2H tautomeric state (Figure 7a).  
Since its phosphorylation activity is dramatically reduced, this indicates that the 
phosphoaccepting histidine must exist in the correct tautomer, Nδ1H, in order for it to be 
phosphorylated.  Curiously, the same strategy is employed by the conserved Asp and His 
catalytic residues of the serine proteases. 
Ypd1, ArcBc, and P1E67Q share structural and chemical properties.  Their Gln 
residues have similar side chain orientations and are able to hydrogen bond to the Nδ1H 
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atom of the phosphoaccepting histidine.  Interestingly, ArcBc and P1E67Q both 
predominantly exist in the Nε2H tautomeric state and have pKas that correspond to that of 
a normal solvent exposed histidine [27].  The requirements for histidine phosphorylation 
therefore differ between these two proteins (see discussion below).  A mere hydrogen 
bond with the Nδ1 atom of the phosphoaccepting histidine is not sufficient to 
phosphorylate the CheA P1 domain.  The histidine must predominantly exist in the Nδ1H 
tautomeric state in order for phosphorylation to occur. 
The native crystal structure revealed that the electrons of the carboxyl moiety of 
Glu67 are resonating (Chapter 2 Figure3).  Therefore His45 is acting as a hydrogen bond 
donor to a negatively charged oxygen in the case of the wild-type and to a neutral oxygen 
in P1E67Q.  The disparity in electronegativity between Glu and Gln is likely responsible 
for the effect on histidine reactivity.   A negatively charged oxygen atom from a 
glutamate acts as a stronger base than a neutral glutamine.    Glu67 can therefore stabilize 
the existence of an otherwise unfavorable Nδ1H histidine tautomer over a large pH range.    
Experiments described in this paper have enabled us to clarify the functional role 
that Glu67 plays in the phosphorylation reaction.  Glu67 does not fix the orientation of 
the histidine. Instead, it tunes the reactivity of the phosphorylatable histidine, making it 
more nucleophilic.  Taken together, the data suggest the P1 domain not only possesses 
the nucleophile for phosphate transfer, His45, but also the activating glutamate, Glu70. 
 
Towards understanding the biochemical mechanism of CheA 
Despite the fact that CheA is one of the best characterized histidine kinases, a 
detailed biochemical mechanism for CheA autophosphorylation has not been elucidated.    
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Based on the results reported in this paper and on the extensive structural [4, 5, 9, 10, 29], 
biochemical [30-32], and mutagenesis investigations of CheA [33-37], we are now 
beginning to unravel the details of its biochemical mechanism. 
The CheA active site spans two domains.  All necessary elements for histidine 
phosphorylation are contained in the phosphotransfer (P1) and kinase (P4) domains [5] 
(Figure  8).  Conserved residues from P4 provide stabilizing contacts necessary for ATP 
binding and form a pocket that optimally positions the gamma phosphoryl for transfer to 
the histidine residue [5, 34].  Amino acids present in the kinase domain have also been 
shown to be catalytically important [34].  P1 possesses a residue that tunes the reactivity 
of the phosphoaccepting histidine.  His45 is made nucleophilic as a result of a hydrogen 
bond to the strong base Glu67.  Thus, we conclude that the P1 domain provides the 
nucleophile for phosphate transfer (His45) and the activating glutamate (Glu67) 
completing the GyrB catalytic center.   
It therefore appears that in addition to sharing a common fold and ATP binding 
site, CheA and GyrB also share a common mechanism.  The main difference between 
CheA and the GHL family of ATPases is in the molecule that the conserved glutamate 
residue activates.  In the case of the ATPases, the glutamate is postulated to activate a 
water molecule that attacks the γ-phosphoryl group [6].  Alternatively, in CheA, the 
glutamate activates the phosphoaccepting histidine by perturbing its pKa and stabilizing 
the normally unfavored Nδ1H tautomeric state.   
Since some crucial residues for CheA autophosphorylation have been identified, 
there is a solid foundation from which to undertake detailed mechanistic studies.  It is 
clear that the kinase domain binds and positions ATP for phosphotransfer, however the 
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question of exactly how the conserved residues contribute to catalysis has yet to be 
answered.  The challenge remains in not only deciphering the exact functional role of 
conserved residues, but also in determining the role protein dynamics play in the 
phosphorylation reaction.  Future studies will lead to a deeper understanding of the CheA 
mechanism and facilitate the development of novel antibiotic agents.   
 
Mechanisms of phosphotransfer between components in bacterial signaling differ    
The phosphorelay schemes of two component systems are highly adaptable 
allowing for variation that has likely evolved to optimize specific signaling systems 
(Chapter 1 Figure 4).  Despite significant diversity in domain organization, the core 
structures and activities of these domains are conserved.    The phosphorylation of 
histidine residues is central to the transmission of environmental information for 
prokaryotes [2].  Therefore, it is of key interest to understand the chemical determinants 
of histidine reactivity. 
Despite the low sequence similarities observed in histidine phosphotransfer 
domains of two-component systems, a four-helix bundle is used as a generic scaffold for 
the transfer of phosphoryl groups to and from solvent exposed histidines [9, 10, 28, 38, 
39].  Furthermore, monomeric HPt domains are reported to be rigid [9, 27] and even upon 
phosphorylation, minor structural changes occur that are limited to the region 
surrounding the phosphoaccepting histidine [8, 40-45].  Does a common rigid helical 
bundle topology imply that HPt domains also share a common biochemical mechanism of 
phosphotransfer?  More specifically, are the chemical determinants of phosphate flow to 
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a histidine conserved among monomeric HPt domains such as the CheA P1 domain, 
ArcBc, and Ypd1?  We think not. 
We propose that two flavors of phosphotransfer exist for monomeric HPt domains 
that can be divided into two categories:  kinase acceptors and phosphotransfer acceptors.  
Kinase acceptors, exemplified by the CheA P1 domain, accept a γ-phosphoryl group from 
ATP.  These histidines are chemically distinguishable from those of phosphotransfer 
acceptors.  The histidine residue of a kinase acceptor must be activated in a specific way.  
A hydrogen bond via the Nδ1 atom to a strong base, a glutamate, results in an altered 
histidine pKa and in the existence of the normally unfavored Nδ1H tautomeric state of the 
histidine.  This results in a highly nucleophilic histidine that is phosphorylated at the Nε2 
atom.   
Bacterial chemotaxis demands a very fast response time, in the order of 
milliseconds.  Hence, an activated histidine, one that is so to speak “ready to go,” may be 
essential for CheA.  Its phosphotransfer domain lies distal to the kinase domain. The 
binding interaction between the two domains is weak (Chapter 2, Table 3)[32], so when 
making contact there is no time to waste.   
On the other hand, histidines of phosphotransfer acceptors, like ArcBc and Ypd1, 
do not require such reactive histidines.  The pKa of the ArcBc phosphoaccepting histidine 
was measured and found to be around 6.5, that of a solvent exposed histidine at room 
temperature.  Moreover, it possesses an almost equal population of each tautomer.  
Enough of the unprotonated Nε2 form therefore exists to allow for phosphorylation at this 
location [27].  Interestingly, mutations of the conserved Gln residue in ArcBc [46] and 
Ypd1[47] affected neither phosphotransfer to or from these proteins.  Accepting a 
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phosphoryl group from a phosphorylated aspartyl, a reactive species, does not require the 
tuning of the active site histidine.  Conversely, CheA necessitates an activated histidine in 
order for phosphorylation to occur at the Nε2 site.  Glu67 is needed in order for the Nδ1H 
tautomer to dominate.   
In summary, the phosphotransfer mechanism is by no means common to all 
histidine phosphotransfer domains.  The details of this mechanism lie in the environment 
surrounding the phosphoaccepting histidine.  Slight differences in the atomic details of 
various phosphorylation sites may result in differences in phosphorylation mechanism 
that may be exploited to develop selective drugs.  Distinguishing features could lead 
toward the development of novel antibiotics specific to a particular regulation point in a 
bacterial signal transduction pathway.  In addition to further elucidating how bacteria 
interpret environmental stimuli, this work could be applied towards the design of 
chemically tuned peptide-based catalysts used for the phosphorylation of small molecule 
compounds [48, 49]. 
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Table 1:  Summary of data collection and refinement statistics 
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 P1E67Qshort 
 
Data Collection Statistics 
 
     Maximum resolution (Å) 1.1 
     Wavelength (Å) 0.900 
     Total reflections 295,210 
     Unique reflections    37261 
     Completeness (%)a  98.5 (90.0) 
      I/σ (I) 10.4 (2.0) 
     Rsym (%)b  0.133 (0.393) 
     Mosaicity 0.519 
     Wilson B (Å2) 19.2 
 
Refinement Statistics 
 
Resolution limits 30-1.1 
Rworkc 14.6 
      Rfreed 19.4 
      RMS deviations from ideal values  
         Bond lengths (Å) 0.0268 
         Bond angles (°) 3.86 
         Dihedral angles (°) 21.32 
         Improper torsion angles (°) 2.06 
      Ramachandran plote residues in  
         Most favored regions (%) 95.9 
         Additional allowed regions (%) 4.1 
         Generously allowed regions (%) 0.0 
         Disallowed regions (%) 0.0 
  
 
a Numbers in parentheses correspond to values in the highest resolution shell 
b Rsym = (ΣhklΣiIi(hkl) - < I(hkl) >)/(ΣhklΣi I(hkl)) 
c Rwork = Σ(Fobs - Fcalc)/ΣFobs 
d Rfree is the R-factor calculated for a 5% test set of reflections excluded from the 
refinement calculation 
e As determined by PROCHECK [50] 
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Table 2:  Nitrogen types and characteristic 15N chemical shifts (ppm) 
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NH
HN
NH
N
N
HN
pKa
H+
Kt
          
Structure Nitrogen type 
15N Shift 
(ppm) H-bond type  
15N  
Shift 
(ppm) 
∆δ 
(ppm) 
NH
 
α 167.5 
NH O C
O
 
178 ~+10 
NH
 
α+ 176.5 
NH O C
O
 
186 ~-10 
N
 
β 249.5 N HO
 
239 ~+10 
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Table 3:  Expected and observed 15N chemical shifts for P1E67Q histidine residues 
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Residue Nitrogen Protonation 
State 
δobs 
(ppm) 
δth 
(ppm) 
δobs- δth ∆δ[Nδ1- 
Nε2] 
His45       
Nδ1 protonated 178.4 176.5 11.6 low pH 
Nε2 protonated 174.3  176.5 0.7 
4.1 
Nδ1 deprotonated 227.5* 249.5 -22.0 high pH 
Nε2 protonated 185.0 249.5 64.5 
42.5 
His64       
Nδ1  199.4* 176.5 22.9 low pH 
Nε2 protonated 174.2* 176.5 -2.4 
25.3 
Nδ1 deprotonated 237.1 249.5 -12.4 high pH 
Nε2 protonated 176.1 249.5 73.4 
61.0 
HisTag       
Nδ1 protonated 177.0  176.5 0.5 low pH 
Nε2 protonated 173.6 176.5 0.3 
8.1 
Nδ1 deprotonated 236.2 249.5 -13.3 high pH 
Nε2 protonated 175.9 249.5 -73.6 
60.3 
 
*theoretical values obtained from the limits as calculated by the Henderson-Hasselbach 
equation
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Table 5:  Apparent pKa values and tautomeric states of P1E67Q histidine residues 
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 Ave pKa Predominant 
Tautomeric state 
Tautomeric ratio 
(Nε2:Nδ1) 
His45 5.8 Nε2 3.3:1 
His64 5.9 Nε2 4.3:1 
HisTag 5.9 Nε2 4.2:1 
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Figure 1:  (a)  Relative phosphorylation of CheA and CheA E67 mutants (b)  Relative 
phosphorylation of the isolated P1 domain and its mutants
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Figure 2:  (a)  Swarm diameter of CheA and CheA E67 mutants.  Photographs of swarm 
assays produced by (b) P1E67A, (c) P1E67D, (d) P1E67Q, and (e) CheA 
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(b) P1E67A       (c) P1E67D 
 
 
 
 
 
(d) P1E67Q          (e)  WT 
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Figure 3:  Phosphorylation of mutant proteins CheA E67Q, CheA E67D, and CheA E67A 
as a function of pH
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Figure 4:  (a)  Far UV-CD spectrum of P1 (diamonds) and P1E67Q (pink square)  (b)  
P1(diamonds) and ∆289 are incubated in a tenfold excess of P1E67Q (squares) and BSA 
(triangles) 
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Figure 5:  2Fo-Fc electron density map of the 1.1Å structure of P1E67Q.  The map is 
contoured to 2.2σ and 3.2σ. 
 119
 
 
 
 
 
 
 
 
 
 120
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: A conservative point mutation disrupts the native hydrogen bonding network of 
P1 
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Figure 7:   15N chemical shifts of P1E67Q (a) His45 (b) His64 and (c) HisTag 
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Figure 8:  Critical residues to the CheA autophosphorylation reaction are located in the 
(a) P1 and (b) P4 domains. 
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Chapter 4 
 
Mutations in the conserved hydrogen bonding network of the CheA 
histidine phosphotransfer domain
 135
In-depth structural and biochemical studies of the kinase domain have identified 
amino acids involved in CheA autokinase activity and ATP binding [1, 2].  Since the 
phosphotransfer domain P1 completes the CheA active site, we are interested in further 
elucidating the functions of key residues in this domain.  As an extension to previous 
NMR [3] and crystallographic studies [4], our laboratory solved an atomic resolution 
structure of the phosphotransfer domain from the T. maritima organism (Chapter 2).  A 
hydrogen bonding network between residues His45, Glu67, Lys48, and His64 was 
identified.  Since these residues are highly conserved in a domain that exhibits low 
sequence similarity, it is of interest to evaluate their contributions to the CheA 
autophosphorylation reaction. 
Prior NMR studies revealed the phosphoaccepting histidine, His45, exists in the 
normally unfavored Nδ1H tautomeric state and exhibits a pKa of 7.8 [5].  This value is 
unusually high compared to a pKa of approximately 6.9 for a solvent exposed histidine at 
room temperature [6].  These atypical chemical properties were attributed to the 
formation of a hydrogen bond between the Nδ1H atom of His45 and an unknown residue.  
Based on the structural and sequence similarities between CheA and the ATPase GyrB, a 
conserved glutamate residue that is postulated to play a key role in the cleavage of the γ-
phosphoryl group in GyrB was hypothesized to be located in the P1 domain [2, 7].  
Subsequent crystal structure analysis of the phosphotransfer domain confirmed the 
existence of a hydrogen bond between the Nδ1H atom of His45 and Glu67 [4] (Chapter2). 
Furthermore, a thorough characterization of the conserved Glu67 revealed that it 
is not only critical to the CheA autophosphorylation reaction but also necessary for the 
stabilization of the Nδ1H histidine tautomer and the preservation of an altered pKa 
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(Chapter 3).  The conservative mutation, E67Q, promotes a change in the tautomeric state 
of the phosphoaccepting histidine to the Nε2H species and lowers the pKa by 
approximately one pH unit (Chapter 3 Figure 7a).  These changes in the chemical 
properties of the histidine residue result in dramatically reduced phosphorylation activity.  
Hence, the active site histidine must exist in the correct tautomer in order for it to be 
phosphorylated. 
We continue to examine the structural, biochemical, and electronic consequences 
of disrupting members of the conserved hydrogen bonding network.  The native P1 
structure shows that Glu67 additionally acts as a hydrogen bond acceptor to two other 
conserved residues, Lys48 and His64.  In this chapter, mutagenic and biophysical studies 
within the context of mutant crystal structures are used to define the functional roles of 
Lys48 and His64 in the catalytic mechanism of CheA. 
 
MATERIALS AND METHODS 
 
Cloning, expression, and purification 
T. maritima CheA (residues 1-671), ∆289 (residues 290-671), domain P1 
(residues 4-133), and a fragment of domain P1 termed P1short (residues 4-105) were 
subcloned in the vector pET28(a) (Novagen).  Alanine mutants of Lys48 and His64 were 
generated using Quickchange mutagenesis (Stratagene).  Proteins were expressed in 
E.coli strain BL21(DE3) (Novagen) in 2L TB cultures and purified by affinity 
chromatography on Nickel-NTA beads (Qiagen), followed by thrombin digestion and gel 
filtration as described in the Materials and Methods section of Chapter 2. 
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Phosphorylation assays 
 Initial velocities of full length CheA, CheA K48A, CheA H64A, and CheA E67Q, 
each at a protein concentration of 2 µM, were measured in 50 mM Tris pH 8.5, 50 mM 
KCl, 5 mM MgCl2, and 2 mM DTT at 50°C.  The initial velocities of full length CheA 
and CheA H64A were also compared to one another at room temperature in the same 
buffer at pH 7.5.  Reactions were initiated upon addition of [γ-32P] ATP.  The 
phosphorylation assays were carried out in the same manner as described in the Materials 
and Methods section of Chapter 3. 
 
Swarm assays 
Bacterial strain RP9535, lacking the CheA gene, was transformed with 
pAR1:cheA derivatives expressing wild-type CheA, CheA K48A, or CheA H64A.  
Tryptone swarm plates were stabbed with the transformants and incubated at 37ºC for 12 
hours as described in the Materials and Methods section of Chapter 3. 
 
Circular dichroism measurements 
 Far UV CD spectra were recorded with an AVIV (Lakewood, NJ) 62A DS 
spectrometer equipped with a Peltier-type temperature control system and using a 0.1cm 
quartz cuvette (Wilmad).  P1K48A, P1H64A, and P1 were at a concentration of 20 µM in 
20 mM sodium phosphate buffer at pH 8.0.  Protein concentrations were determined by 
UV spectrophotometry using extinction coefficients calculated from the number of 
tryptophan and tyrosine residues present in each protein [8].  Data were collected 
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between 250 to 190nm using an averaging time of 5 seconds and a bandwidth of 1.5nm at 
25ºC. 
 
Determination of phosphohistidine stability 
 The autophosphorylation reaction of CheA and its mutants was initiated with [γ-
32P] ATP as described above.  After adequate phosphorylation levels were achieved, the 
reaction was quenched using 2X sodium dodecyl sulfate (SDS) electrophoresis buffer 
containing 25 mM ethylenediaminetetra acetic acid (EDTA).  The reaction tube was kept 
at 50°C and aliquots were taken and placed at 4°C at designated time points.  Samples 
were then electrophoresed and processed as described in the Materials and Methods 
section of Chapter 3. 
 
Crystallization, data collection, and structure refinement 
 Orthorhombic crystals belonging to the P2221 space group of P1K48Ashort and 
P1H64Ashort were obtained via the hanging drop method of crystallization.  The protein 
fragments used for crystallization were composed of residues 4 -104 of the CheA 
histidine phosphotransfer domain.  Crystals were generated by mixing 2 µL of 7-15 
mg/ml protein with 2 µL of reservoir solution (32% PEG 4K, 0.1M NaAc pH 4.5, 0.2M 
AmAc for P1K48Ashort; 30% PEG 4K, 0.1M NaAc pH 4.5, 0.2M AmAc for P1H64Ashort). 
 Diffraction data were collected on the A1 beamline at the Cornell High Energy 
Synchrotron Source (CHESS) using a wavelength of 0.9363Å.   P1K48Ashort and 
P1H64Ashort crystals diffracted to 1.38Å and 1.4Å, respectively.  Data were processed, 
scaled, and reduced using the DENZO/SCALEPACK suite of programs [9].  The cell 
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dimensions of P1K48Ashort are x= 27.680Å, y= 37.627Å, and z=87.517Å.  The cell 
dimensions of P1H64Ashort are x=27.567Å, y=37.618Å, and z= 87.402Å.  The structures 
of each mutant were refined using SHELXL [10] and the model manually rebuilt in 
XtalView [11]  as described in the Materials and Methods section of Chapter 3.  Details 
of data collection and refinement can be found in Table 1. 
 
General NMR methods and data analysis 
Uniformly 15N labeled protein P1K48A and P1H64A was expressed and used to 
collect NMR data on 500 and 600 MHz Varian UNITY and Inova spectrometers, 
respectively.  These instruments were equipped with 1H [13C/15N] pulsed-field gradient 
probes.  Assignment of specific histidine side chain resonances was done by comparison 
to wild type values obtained elsewhere (Hamel et al. unpublished results).  Procedures 
and parameters used for 3D 15N-NOESY-HSQC, 2D HSQC-aliphatic and 2D HSQC-
aromatic correlation experiments over a pH range of 3.5 to 9.8 are described in the 
Materials and Methods section of Chapter 3 [12, 13].  The analysis of the NMR data can 
also be found there. 
 
RESULTS 
 
Mutations of residues involved in the hydrogen bond network inhibit phosphotransfer 
Amino acid residues that participate in the conserved hydrogen bond network 
were mutated.  The activities of CheA, CheA K48A, CheA H64A, and CheA E67Q were 
first compared in vitro at 50°C and pH 8.5.  The activity of wild type CheA was too rapid 
to be measured under these conditions.  However, it was possible to obtain the relative 
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levels of mutant phosphorylation (Figure 1a).  CheA H64A is approximately 15-fold 
faster than K48A and roughly 270-fold faster than E67Q.  At pH 7.5 and room 
temperature, the initial velocity of wild type CheA is approximately 60-fold faster than 
CheA H64A (Figure 1b).  The chemotaxis ability of E. coli mutants CheA K48A and 
CheA H64A were also assessed in vivo.  Swarm assays show that the chemotaxis 
signaling network cannot tolerate mutations of K48 and H64 (Figure 2). 
To assess whether these mutations perturbed the secondary structure of the 
phosphotransfer domain, we compared the far UV CD spectra of P1H64A and P1K48A 
to the wild type P1.  The results indicate that P1H64A and P1 have similar spectra 
(Figure 3a). However, P1K48A has lost some secondary structure content (Figure 3b), 
suggesting that this residue may play a role in stabilizing the helical conformation of the 
P1 domain. 
In order to determine whether despite the observed structural perturbance, 
P1K48A could still recognize the CheA kinase domain, it was incubated in a 10-fold 
excess in the presence of P1 and the catalytic fragment ∆289 at room temperature, where 
its activity is minimal.   P1K48A is indeed capable of inhibiting the phosphorylation of 
wild type P1 by ∆289.  The wild type reaction is inhibited by over 50% in the presence of 
P1K48A (Figure 4).   
To further explore putative roles for residues involved in the hydrogen bonding 
network, their involvement in stabilizing the phosphohistidine complex was investigated.  
Phospho-labeled CheA and mutants were generated by incubation with [γ-32P] ATP.  The 
reaction was quenched and the phosphorylation level monitored over a period of three 
hours.  The stability of the phosphoramidate bond is not affected by mutations at Lys48, 
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His64, or Glu67 over this time frame (Figure 5). It is therefore unlikely that these 
residues directly interact with the phosphate. 
 
Lys48 and His64 contribute to the structural integrity of the active site region. 
In order to fully characterize P1K48A and P1H64A, a structural analysis of these 
mutants was performed.  Here we report the crystal structures of P1K48Ashort and 
P1H64Ashort.  The quality of the data and refinement are summarized in Tables 1 and 2.  
Neither of these mutations disrupt the general four-helix bundle fold observed in the wild 
type P1 [3, 4] (Chapter 2 Figure 3).  However, as described below, the area surrounding 
the phosphoaccepting histidine is structurally altered. 
The replacement of Lys48 with an alanine disrupts the positions of two other 
members of the hydrogen bonding network, Glu67 and His64 (Figure 6a).  The 
discontinuous electron density for these side chains reflects prevalent disorder.  The 
conformation of Glu67 that we were able to model revealed that the side chain orientation 
has swiveled.  However, it is still capable of accepting a hydrogen bond from His45.  The 
structural properties of His64 are also affected by the K48A mutation.  His64 exists in at 
least two alternate conformations, and no longer hydrogen bonds to Glu67.   Lys48 
therefore appears to fix the orientation of Glu67 and His64.  An overlay of the 
P1K48Ashort and native P1 structure surprisingly revealed that the position of the 
phosphoaccepting histidine, His45, remains the same (Figure 6b). 
The structural changes incurred by the H64A mutation are not as disruptive as 
those observed for K48A (Figure 7a).  The P1H64Ashort structure revealed that Glu67 is 
hydrogen bonded to the Nδ1 atom of His45, but exists in a slightly different position.  
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However, substitution of the His64 side chain for an alanine results in a broken salt 
bridge between Lys48 and Glu67 due to displacement of the Lys48 side chain.  The 
orientation of His45 oncemore remains unchanged (Figure 7b). 
  
Chemical properties of the phosphoaccepting histidine in the mutants K48A and H64A 
Alanine substitutions for Lys48 and His64 both diminish the autophosphorylation 
of CheA; but do they affect the reactivity of the phosphoaccepting histidine as previously 
documented for Glu67 (Chapter 3).  NMR spectroscopy is ideally suited to study the 
electronic properties of histidine residues.  To further explore the functional roles of 
Lys48 and His64, the HSQC spectra [14]  of 15N labeled proteins at several pH values 
were evaluated in the mutants P1K48A and P1H64A.  Data points obtained from the 
histidine side chains were plotted as a function of pH and fit to equation 1 (Chapter 3) 
using least squares fitting.  Relevant chemical shifts are listed in Table 2. 
 The titration curves for the Nε2 and Nδ1 resonances of the P1K48A His45 side 
chain are shown in Figure 8.  The pKa value for the imidazole ring was determined to be 
6.8.  The larger shift of the Nε2 atom at high pH reveals that the Nδ1H tautomer is 
dominant.  This tautomer is stabilized through the hydrogen bond to Glu67.  In fact, the 
Nδ1:Nε2 tautomeric ratio is 2.6:1, as observed for the native protein (Table 4) (Hamel, et 
al. unpublished results)[5].   
Identical NMR experiments were performed on the P1H64A mutant.  The 
resonances of the His45 imidazole side chain also demonstrate a dependence on pH 
(Figure 9).  The phosphoaccepting histidine exhibits similar properties to the wild type.  
It possesses an altered pKa of 6.8 and its chemical shifts at high pH reveal the existence 
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of a predominantly Nδ1H tautomeric state.  The Nδ1H:Nε2H ratio was calculated to be 
2.6:1.  The tautomeric and protonation states of each histidine is listed in Table 3 and 
compared to wild type protein and a previously characterized mutant P1E67Q (Chapter 
3).  The titration curves, chemical shifts, and tautomeric states of the remaining histidines 
in P1 can be found in Appendix 1. 
 
DISCUSSION 
 
The work presented in this paper has further elucidated the roles of conserved 
residues in the CheA phosphotransfer domain.  By implementing mutagenesis studies, 
macromolecular protein crystallography, and two-dimensional NMR techniques, we have 
further investigated the functional roles of conserved residues in the phosphotransfer 
domain.  The effects mutations at Lys48 and His64 exert on the structure of the P1 
domain and on the chemical properties of the phosphoaccepting histidine are examined. 
 
An intact hydrogen bond network optimizes the histidine phosphotransfer reaction 
Mutagenic analysis of His64 revealed that it is the least disruptive of the mutants 
studied (Figure 1).  Its secondary structure, as revealed by the far UV CD spectrum, 
remains intact (Figure 3a).  The 1.4Å crystal structure demonstrated that the only major 
difference between the native and mutant structure is the position of the Lys48 side chain.  
Both the phosphoaccepting histidine, His45, and the activating Glu67 maintain their side 
chain orientation.  2-D NMR studies confirmed that the reactivity of His45 is unaltered.  
The phosphorylatable histidine exists in the normally unfavored Nδ1H tautomeric state 
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possessing a Nδ1H:Nε2H ratio that is very similar to that of the wild type (Table 3).  
Additionally, this mutation does not affect the stability of the phospho-histidine complex 
(Figure 5).  Hence, the observed decrease in phosphorylation activity of the H64A mutant 
can be likely attributed to a decrease in binding affinity to the kinase domain.   
 
The active site residues may form part of the binding interface to the kinase domain  
Lys48 appears to play a critical role in stabilizing the active site structure.  As 
demonstrated by CD and crystallography, Lys48 disrupts the secondary structure of the 
phosphotransfer domain (Figures 3b and 6).  It is located towards the C-terminus of helix 
B and may play a role in stabilizing the negative charge of the helix dipole, thereby 
stabilizing the P1 helical structure.  Its removal results in residue disorder, as shown by 
the alternate conformations of His64 and the discontinuous density for the His64 and 
Glu67 side chains.   
Despite this disorder in the active site region, the phosphoaccepting histidine 
largely retains its original side chain orientation, and most importantly, its reactivity 
(Figures 6 and 8).  It possesses the same properties as the wild type phosphoaccepting 
histidine, exhibiting an altered pKa of 6.8, and favoring the Nδ1H tautomeric state.  
Furthermore, it is not involved in stabilizing the tautomeric state of the phosphorylated 
histidine. Together, these results imply that Lys48 does not contribute towards the kcat of 
the autophosphorylation reaction.  Instead, it maintains the structural integrity of the 
immediate region surrounding His45 and is perhaps also key to forming the binding 
interface to the kinase domain P4.   
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Comparative studies of residues participating in the conserved hydrogen bond network  
By exploiting the structural and chemical information obtained in these 
experiments, we are better able to interpret the observed differences in phosphorylation 
activity between the P1 mutants K48A, H64A, and E67Q.  Although the structures of 
H64A and E67Q revealed disruption to the native hydrogen bond network, both 
structures only exhibited minor perturbations to the side chain orientations of residues 
(Figure 7 and Chapter 3 Figure 6).  In both structures, the Lys48 side chain swings out of 
hydrogen bonding distance from Glu67.   
Despite minimal structural perturbations, the phosphorylation of the P1H64A 
mutant is approximately 270-fold faster than that of P1E67Q.  The major differences 
between these two mutants are the tautomeric state of the phosphoaccepting histidine and 
the pKa value.  As in the wild type P1 domain, His45 of the P1H64A mutant exists in the 
Nδ1H tautomeric state and has a pKa of 6.9 at 50°C.   The correct orientation of the Lys48 
side chain hence contributes to optimal phosphotransfer, perhaps by being an important 
residue involved in binding the kinase domain.  This infers that although P1E67Q is 
largely a kcat mutant, its diminished phosphorylation could also result from some loss of 
binding affinity to P4 due to the altered position of Lys48.  Further support for this 
hypothesis is obtained by comparing the results of competition studies between wild type 
P1 and the mutants P1K48A and P1E67Q.  P1E67Q acts as a better inhibitor of the P1 
phosphorylation reaction than P1K48A  (Chapter 3 Figure 4b and Figure 4).   
Although the mutation of Lys48 led to the most significant disruption of 
secondary structure, it was still more amenable to phosphorylation than E67Q (Figure 
1a).    Neither P1K48A nor P1E67Q stabilize the phosphorylated histidine.  Moreover, 
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they do not affect the phosphotransfer activity to the response regulator CheY [4].  
P1K48A shares the same chemical properties of the wild type phosphoaccepting 
histidine, meaning the chemical reactivity of His45 is not altered by the disorder in the 
neighboring environment.  Removal of the positive charge likely affects the binding 
interaction; therefore in addition to stabilizing the helical structure, a positive charge at 
this precise location may be important for molecular recognition of the kinase domain P4. 
Together, these results imply that among the studied mutations of the P1 
hydrogen bonding network, E67Q imparts the strongest chemical perturbation and K48A 
the greatest structural perturbation to the CheA autophosphorylation reaction.  Although 
much work remains to be done towards elucidating the CheA mechanism, an emerging 
picture is one where the phosphotransfer domain contains a catalytic dyad, a resonating 
Glu67 which activates a nucleophilic His45.  The active site may be completed by a third 
residue, His405, in the kinase domain.  A mutation to this residue was found to affect the 
kcat of the CheA phosphorylation reaction, but not the Km for ATP [1].  We are slowly 
beginning to better understand the structural and chemical determinants of the CheA 
autophosphorylation reaction.  Further structure-function studies will elucidate the 
mechanistic basis for the initiation of the His-Asp phosphorelay in bacterial chemotaxis. 
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Table 1:  Data collection and refinement statistics 
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 P1K48Ashort P1H64Ashort 
Data Collection Statistics   
     Resolution (Å) 1.38 1.40 
     Wavelength (Å) 0.9363 0.9363 
     Total reflections 227.281 176130 
     Unique reflections 25909 18854 
     Completeness (%) 97.6 (98.3) 98.1 (87.3) 
     I/σ(I) 29.0 (4.1) 20.7 (2.7) 
     Rsym(%) 0.063 (0.288) 0.09 (0.49) 
     Mosaicity 0.367 0.584 
     Wilson B (Å2) 26.2 28.1 
    
Refinement Statistics    
     Resolution limits 30 – 1.38 30 – 1.4  
     Rworkc 0.1770 0.1678  
     Rfreed 0.2581 0.2488  
      Ramachandran plote residues in    
           Most favored regions (%) 97.9 96.9  
           Additional allowed regions(%) 2.1 3.1  
           Generously allowed regions(%) 0.0 0.0  
           Disallowed regions (%) 0.0 0.0  
    
a Numbers in parentheses correspond to values in the highest resolution shell 
b Rsym = (ΣhklΣiIi(hkl) - < I(hkl) >)/(ΣhklΣi I(hkl)) 
c Rwork = Σ(Fobs - Fcalc)/ΣFobs 
d Rfree is the R-factor calculated for a 5% test set of reflections excluded from the 
refinement calculation 
e As determined by PROCHECK [15] 
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Table 2:  Expected and observed 15N chemical shifts for the His45 residue of P1K48A 
and P1H64A 
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 Residue Nitrogen Protonation 
State 
δobs 
(ppm) 
δth 
(ppm) 
δobs- 
δth 
∆δ[Nδ1- 
Nε2] 
P1K48A        
 His45       
  Nδ1 protonated 179.4 176.5 2.9 6.2 
  Nε2 protonated 173.2 176.5 -3.3  
  Nδ1 protonated *185.3 249.5 -64.2 36.0 
  Nε2 deprotonated 221.3 249.5 -28.2  
P1H64A        
 His45       
  Nδ1 protonated 180.7 176.5 4.2 7.5 
  Nε2 protonated 173.2 176.5 -3.3  
  Nδ1 protonated *185.4 249.5 -64.1 37.4 
  Nε2 deprotonated 222.8 249.5 -26.7  
        
*theoretical values obtained from the limits as calculated by the Henderson-Hasselbach 
equation
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Table 3:    The pKa values and predominant tautomeric states of His45 in CheA and its 
variants 
 152
 
 
 
 
 
  pKa Predominant 
tautomeric state 
Nδ1:Nε2 
P1K48A     
 His45 6.8 Nδ1H 2.6:1 
P1H64A     
 His45 6.9 Nδ1H 2.7:1 
P1E67Q     
 His45 5.8 Nε2H 1:3.3 
P1     
 His45 6.9 Nδ1H 2.6:1 
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Figure 1:  Mutations at the active site hydrogen bonding network.  Histidine 
phosphorylation was measured at (a) pH 8.5 and 50°C and (b) pH7.5 and 25°C. 
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Figure 2: (a)  Swarm Diameter of CheA and its mutants.  Photographs of swarm assays 
produced by (b) CheA, (c) P1K48A, and (d) P1H64A. 
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(b)  WT, K48A, H64A 
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Figure 3:  Far-UV CD spectra of (a) P1H64A and P1; (b) P1K48A and P1 
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Figure 4:  P1 (diamonds) and the catalytic core ∆289 were incubated together in the 
presence of a tenfold excess of P1K48A (squares).  Approximately 44% of wild type 
phosphotransfer activity is maintained. 
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Figure 5:  The stability of the phospho-histidine complex was determined over an 
extended period of time at 50ºC 
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Figure 6:  (a) Close-up view of the P1K48A active site (b) overlaid with the native P1 
model 
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Figure 7:   (a.) Close up view of the P1H64A active site (b.) overlaid with the native P1 
model 
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Figure 8:  Chemical shifts of the His45 imidazole 15N nuclei of P1K48A as a function of 
pH.  The Nε2 atom is blue and the Nδ1 is red. 
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Figure 9:  Chemical shifts of the imidazole 15N nuclei of P1H64A His45 as a function of 
pH.  The Nε2 atom is blue and the Nδ1 is red. 
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Appendix 1 
 
 
1H and 15N Chemical shifts of P1 histidine residues 
 174
Table 1:  Expected and observed imidazole 15N chemical shifts for P1K48A and P1H64A
 175
 
 Residue Nitrogen Protonation 
State 
δobs 
(ppm) 
δth 
(ppm) 
δobs- 
δth 
∆δ[Nδ1- 
Nε2] 
P1K48A        
 His64       
 Nδ1 protonated 177.1 176.5 0.6 3.5 
 
low pH 
Nε2 protonated 173.6 176.5 -2.9  
 Nδ1  *194.7 249.5 -54.8 23.3 
 
high pH 
Nε2 deprotonated 218.0 249.5 -31.5  
 HisTag       
 Nδ1 protonated 176.7 176.5 0.2 3.3 
 
low pH 
Nε2 protonated 173.4 176.5 -3.1  
 Nδ1 deprotonated 240.2 249.5 -9.3 65.2 
 
high pH 
Nε2 protonated 175.0 249.5 -74.5  
P1H64A        
 HisTag       
 Nδ1 protonated 176.6 176.5 0.1 3.0 
 
low pH 
Nε2 protonated 173.6 176.5 -2.9  
 Nδ1 deprotonated *237.4 249.5 -12.1 62.0 
 
high pH 
Nε2 protonated 175.4 249.5 -74.1  
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Table 2:  The tautomeric states and pKas of histidine residues found in the CheA P1 
domain
 177
 
  pKa Predominant 
Tautomeric 
State 
Nδ1:Nε2 
P1K48A     
 His45 6.8 Nδ1H 2.6:1 
 His64 6.5 Nδ1H 1.8:1 
 His1 6.0 Nε2H 1:9.6 
P1H64A     
 His45 6.9 Nδ1H 2.7:1 
 His1 5.9 Nε2H 1:4.3 
P1E67Q     
 His45 5.8 Nε2H 1:3.3 
 His64 5.31 Nε2H 1:4.3 
 His1 5.9 Nε2H 1:4.8 
P1     
 His45 6.9 Nδ1H 2.6:1 
 His64 5.6 Nε2H 1:3.4 
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Figure 1: 1H chemical shifts for the histidines of P1E67Q (a) His45 (b) His64 (c) HisTag 
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Figure 2: 1H chemical shifts for the histidines of P1K48A (a) His45 (b) His64 (c) HisTag  
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Figure 3: 1H chemical shifts for the histidines of P1H64A (a) His45 (b) HisTag  
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Appendix 2 
Biochemical Characterization of CheA domains 
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The phospho-histidine bond is not stable at high temperatures 
The ability of P1 to be phosphorylated by ∆289 was monitored as a function of 
temperature (Figure 1a).    Although this hyperthermophilic organism has an optimal 
growth temperature of 80°C and a maximal growth temperature of 90°C (Huber, 
Langworthy et al. 1986), maximal phosphorylation activity was surprisingly observed at 
60°C.  The stability of the P1 phospho-histidine complex was subsequently tested as a 
function of time (Figure 1b).  The phospho-histidine bond is stable for up to 3 hours at 
25°C and 40°C.  However, at 50°C, the bond becomes slightly less stable.  A drastic 
reduction in the stability of the phospho-histidine complex is observed at temperatures 
above 60°C.  The bond is rapidly broken as evidenced by the lack of phosphorylation 
signal observed after two hours.   
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Figure 1:  Temperature dependence of phosphorylation activity (a) and the stability of the 
P1 phospho-histidine complex (b): The phosphorylation of P1 by ∆289 was allowed to 
reach saturation levels.  The reaction was then terminated and placed at 4°C. Aliquots of 
the phosphorylation reaction were taken at the indicated time points as described in 
Materials and Methods.   
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MATERIALS AND METHODS 
Temperature Dependence and Phosphostability Studies 
The initial velocities of P1(30µM) phosphorylation by ∆289(2µM) were 
measured at 25°C, 40°C, 50°C, 60°C, 70°C and 80°C as described above.  To measure 
the stability of the phospho-histidine complex, the phosphorylation reaction was 
quenched with 4X sodium dodecyl sulfate (SDS) electrophoresis buffer containing 25mM 
ethylenediaminetetra acetic acid (EDTA).  The reaction tube was kept at the respective 
temperature and aliquots were placed at 4°C at designated time points.  Samples were 
then electrophoresed and processed as previously described. 
 
